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SECTION |
INTRODUCTION AND SUMMARY

This report describes the work performed at Rocket Research Corporation (RRC) during the period
starting May 30, 1975, and ending March 31, 1977, under USAF Contract F-33615-75-C-2027
which was granted by the Air Force Systems Command, Aeronautical Systems Division/PPMNB,
Wright Patterson AFB.

The purpose of the program was to determine the feasibility of converting an aircraft jet engine
starter that is normally powered with an 8-lbm solid propellant cartridge (type MXU4A/A), to an
equivalent liquid monopropellant-fueled device utilizing state-of-the-art hydrazine technology, the
single most important and most difficult development constraint being that the complete hydrazine
system must packapge within the space normally occupied by the MXU4A/A solid propetlant
cartridge in the starter breech.

As discussed herein, and summarized in the Conclusions Section, page 133, RRC has successfully
demonstrated the feasibility of converting the cartridge starter to operate with hydrazine-based
propellunt, and the resultant system can be packaged within the space normally occupied by the
MXU4A/A solid propellant cartridge in the starter breech,

The feasibility demonstration program was conducted in two phases. The initial phase included
analysis and design activities which resulted in a preliminary design drawing of a flight concept
version of the hydrazine-fueled starter. The hydrazine conversion package includes a starter breech
base-mounted gas gencrator (catalytic decomposition reactor), an expenduble fuel cartridge which
contains sufficient hydrazine-based fuel for the worst-case (-659F) start condition, and a
pressurization subsystem that is used to pressurize the fuel cartridge for fuel expulsion during
starter operation. A planning document was then prepared for the conduct of the experimental
(Phase 11) portion of the program,

After contractor’s review of the flight concept preliminary design drawing and the Phase 11 planning
document, prototype hardware was fabricated; and the basic feasibility of starter operation in the
“hydrazine mode” was successfully demonstrated,

Based on the results of Phase I/II activities, a Final Flight Concept Preliminary Design was
completed which incorporated all the technical advancément provided by this effort. This design is
shown on page 4.

The results of thc Phase 1/11 activities are summarized in the following subsections and discussed in
detail in the remaining sections of this report.
1.1 PHASE! SUMMARY

Initial _ahalysis and - preliminaty -physical component layout drawings prepared during the proposal
phase of the program indicated that there should be sufficient space available within the breech




envelope of the solid-propellant-tfueled jet engine starter to package a complete hydrazine-fueled gas
gencrating subsystem which would be capable of providing cartridge starter performance equivalent
to that obtained with the MXU4A/A cartridge.

The hydrazine-fucled starter would be capable of operating over an ambient temperature range of
-65 to +160°F, in any attitude, while delivering energy rates and ‘total energy equivalent to the
MXU4A/A solid propellant cartridge.

During Phasc 1, detailed design layouts were developed for each component in the hydrazine-fueled
gas generating system; and a conceptual preliminary design drawing of the hydrazine-fueled starter
was prepared for contractor’s review with the basic requirements established for the system. Phase |
was concluded by preparing a planning document for the following experimental demonstration test
program (Phase I11).

1.2 PHASE Il SUMMARY

Early Phase Il activities included the design and fabrication of a subscale hydrazine-fueled gas
generator, the buildup of a breadboard fuel supply system, and the installation of a government-
furnished universal jet engine starter test stand.

Initial subscale gus generator testing verified the adequacy of the proposed flight concept gas
generator design approach.

Baseline starter operating characterization testing was then conducted using 4 model STU13A/34
starter and MXU4A/A solid propellant cartridges. The “cartridge-mode” operating characteristics of
the starter were measured, at RRC, by operating the starter on the inertia wheel type universal
starter test stand. Multiple cartridge starts were conducted at ambient temperatures ranging from
-65 to +1600F. This test series defined starter output shaft terminal speed and time to terminal
speed characteristics as a function of soak temperature in the cartridge mode.

Hydrazine-fueled starter testing was then initiated by installing the prototype flight concept gas
generator in the breech base of the STUI3A/34 starter which was then supplied with
pressure-regulated fuel from a breadboard fuel supply subsystem.

The performance of the hydrazine-fueled starter was monitored with the universal starter test stand
for direct comparison with the baseline “cartridge-mode” test results. Additionally, fuel
consumption per start cycle was measured directly from the run tank in the breadboard fuel supply
system. ’

The hydrazine-fueled starter was operated 24 times with the TSF-1 candidate fuel blend to
demonstrate a minimum gas generator life capability of at least 20 full power start cycles. Four
firings were conducted at -65°F soak conditions, two firings at +1600F, and the remaining 18
firings were at ambient.

Eight additional hydrazine-fueled start cycles were then con_ducted with the TSF-2 candidate fuel
~ blend.. Three firings were conducted at -65°F soak conditions, three at +160F, and two at
. ambient.




A review of the fuel consumption per start cycle with the TSE-1 and TSF-2 fuel blends indicated
that the TSF-1 fuel blend could not be packaged in the space available in the starter breech, and the
space available would be marginal with the TSF-2 fuel blend. Additional analysis was then
conducted to determine what changes, if any, could be made to the original Phase | flight concept
design layout to increase the space available within the breech envelope for fuel storage. This
analysis indicated that adequate additional fuel storage volume could be obtained by revising the
fuel pressurization subsystem from the original hydrazine-fueted configuration to a solid propellant
pressurization subsystem.

A breadboard version of the proposed solid propellant fuel pressurization subsystem was
subsequently designed, fabricated, and evaluated; and the hydrazine-fueled starter was successfully
operated while receiving TSF-2 fuel from the breadboard solid propellant fuel pressurization
subsystem.

The final version of the hydrazine-fueled jet engine starter flight concept design is shown in the
isometric drawing of Figure | and described in detail in Section 1V of this report.

Referring to Figure 1, the major components of the hydrazine conversion package include a gas
generator and a liquid fuel cartridge. These components are contained within the starter breech in
the space normally occupied by the MXU4A/A, 8-1b solid propellant starter cartridge.

The gas generator is an assembly of eight small catalytic decomposition reactors arrarged in parallel
and manifolded to a central, common liquid fuel supply fiiting. The gas generator is adapted to the
cavity available in the starter breech base. The gas generator would remain in the breech base
throughout its useful life, estimated at 400 to 800 starter operating cycles,

The liquid fuel cartridge is an expendable item that would be replaced prior to each starter
operating cycle per the procedures currently in effect for the MXU4A/A solid propellant cartridge.
The liquid fuel cartridge interfaces with the gas generator fuel supply fitting through a
burst-disc-sealed fuel outlet port. The hyd:azine-based liquid fuel supply is retained by an integral
elastomeric bladder which is contained within the fuel cartridge shell. Bladder retention of the
liquid fuel charge will allow the starter to operate in any attitude. The fuel cartridge contains
sufficient hydrazine-based liquid fuel for one starter operating cycle at any temperaturs in the
required -65 to +160C0F operating range. The fuel cartridge also includes a small sclid propetlant
pressurization subsystem that is used to pressurize and expel the liguid fuel charge through the gas
generator when the starter is operated. The solid propellant subsystem is initiated electrically, and
its power connec.ion interfaces with the electrical connector that is currently installed in the breech
cap for initiating the MXU4A/A, 8-lbm solid cartridge.

The Phase Il test program has successfully demonstiated the basic feasibility of operating a jet
engine starter with hydrazine-based fuel blends, Hydrazine starter performance equivalent to solid
propellant-fueled starter performance has been demonstrated at -65, ambient, and +1609F soak
conditions with a worst-case fuel consumption (-65CF start) that is compatible with the space
available within the cartridge starter breech envelope for liquid fuel storage.
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SECTION 11
PHASE I - CONCEPTUAL DESIGN

Three months were allotted at the beginning of the program for Phase 1 system studies, preliminary
design analyses, and program planning activities. The major objectives of the Phase I task were as
follows:;

a, Prepare a preliminary design layout of the hydrazine system concept that could be used
in a flight version of the hydrazine-fueled starter.

b. Predict the operdting characteristics of this system and a hydrazine-fueled starter.

¢.  Prepare for a review of the safety and mamtdmdblhty aspects of the hydrazine-fueled
starter.

d. Prepare a program plan to describe the proposed experimental test program (Phase 1I) to

_ determine and/or demonstrate the feasibility of converting a customer-furnished solid

propellant-fueled jet engine starter to hydrazine.

A formal presentation of the Phase 1 material was conducted at the end of the 2-month study
period for contracting agency review and approval prior to proceeding with the Phase Il hardware

fabrication and test program. The major elements of the Phase 1 task are dmussed in the followmg '

subsections.

2.1 GENERAL APPROACH

The general approach to the design of the flight concept version of the hydrazine fueled starter was
to use existiug technology to the maximum possible extent. Unique system requirements were
primarily associated with the extremely limited packaging space available for the hydrazine
subsystem and.the requirement for system operatxon at -659F soak conditions, The Phase 1 program
elements are dnswssed below.. :

2.2 FUEL SELECTION

The ideal fuel for monopropellant hydrazme conversion of the cartridge starter is anhydrous
hydrazine (neat hydrazine). Unfortunately, the freezing point of the anhydrous hydrazine is
approximately +359F and is inconsistent with the requirement for system operation over a
temperature range that extcnds from 65 to +160°F

Neat: hydrazme could be’ copsndered if si:fficient <electtical power were av«ulable to power system
heatcrs ta prevent fuel fr zihg at” ww system ’sdak temparatures However, the lack of power

| There are a number of additives and combmations of addxtlves that may be used to depress the
freezing pomt of .mhydrous hydrazine. -'l’hese additives are identified and discussed in’ the t’ollowing
pmmphs.

0

e _ o=l




XE Y T UK Y Y T T Tt T T e —
& — . LD
™

2.2.1 Hydrazine Additives

Candidate freezing point depressant additives for hydrazine include water, ammonia, hydrazine
nitrate (HN), monomethy! hydrazine (MMH), amnonium thiocyanate, hydrogen cyanide, and
hydrazinium azide.

One of the preliminary considerations in the selection of additives to reduce the freezing point is
the type of decomposition chamber to be employed in the system. Since the hyurazine-fueled
starter will require a spontaneous type catalytic reactor with long life and multiple restart
capability, any carbon containing additives must be eliminated from consideration as viable
candidates since additives in this family will deposit carbon on the active sites of the catalyst and
reduce the effective activity of the catalyst below that required for repeated restart capability. This
reduces the candidate additives to water, ammonia, and hydrazine nitrate. The azide propellants

offer no advantages over nitrated propellant, the safety characteristics are inferior, and gas generator

tests indicate an order of magnitude increase in catalyst loss rate over the nitrate propellants,

A second consideration in the selection of additives is their effect on the energy content of the
resultant fuel mixture. Water and ammonia will reduce the energy content of the blend, and
hydrazine nitrate will increase the energy content,

2.2.2 Binary Propellant Mixtures
Binary mixtures of hydrazine and water, ammonia, or hydrazine mtrute can be evaluated in gross
terms for this application as follows:

1. Hydrazine/Water

A -659F freezmg pomt is obtamable with reasonable fuel mix energy content,

2. Hydrazme/Ammomd

‘A -659F ‘freezing puiut requires approximately 64% ammonia by weight; the energy
content of the resitant mixture is not adequate for this application, and this high
percentage of ammonia makes it very marginal that decomposition can be reliably
obtained. Additionally, the high vapor pressure of an ammonia additive would increase
the complexity of fuel mix operations and complicate the design of the fuel cartridge;

- therefore, ammonia is not considered as a viable candidate for a freezing point depressant
for this application.

3. Hydrazine/Hydrazine Nitrate

The maxnnnm freezing point. depression .obtgingble with this mixture is 0°F when
consnderatnon is given to selecting .a, mixture which is not in a shock-sensitive range.

Therefore, ~a hinary mixture of hydrazine nitrate cannot be considered for this
application.

2 2 3 Temmy Prgpe“ant Mixtunq | . ,‘ ._

Hydrazme can be combined with various percentages of water and hydrazine nitrate as.a temary
~blend to satxsfy the -659F. freezmg pomt requirement. Additionally, the resultant ternary mixes
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have a greater energy content than the hydrazine-water mix previously discussed and are stable
compounds which are not shock sensitive.

2.2.4 Propellant Selection

The above review of the additives available and a consideration of the long-life requirement for the
catalytic gas generator, with multiple restart capability, have resulted in the selection of water, or a
combination of hydrazine nitrate (N2H5NO3) and water, as the preferred freezing point depressant
additives for this application.

Rocket Research Corporation selected three candidate turbine starter fuel (TSF) mixtures for
additional analysis, The composition of these fuel mixtures is summarized in Table 1.

Table 1
COMPOSITION OF CANDIDATE
. APU STARTER EUELS
1 Composition
Fuel Mix % by Weight
~ Identifier T ‘ T
S ' N2H4 "N2H5NO3 "H20
TSF1 | 60 a |
TSF-2 | 58 - 25 ' 17
"TSF-3 - 68 0 -~ - 32

Figure 2 depicts the freezing point characteristics. of binary mixtures of water and anhvdrous
hydrazine as a function of the percentage by weight. of hydrazine in the mix. The required -65°F
freezing point may be obtainéd in fuel mixtures containing 32, 57, or 68 percent hydrazine. A
hydrazine/water mixture containing 68 percent hydrazine (TSF-3) was selected to maximize the
energy contert of the fuel mix.

Freezing point déhre'Ssibn to -659F can be obtained with any ternary mixture of hydrazine,
hydrazine nitrate, and water within the boundary established by the dashed envelope of Figure 3
(i.e., outside the. shbuk-sensitwe ‘boundary). The energy content of the resultant mixture increases as

-~ the mixtuire beconies richer in hydragine or hydrazine hitrate confent as notéd by the superimposed
© ¢xhaust gas isothérma.
the catd gap test method,’ M

The most eneggetu, mixturg:s he jn 4 regime that is classnﬁed as detonable by
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The liquid Hulk density of the candidate binary and ternary fuel mixes can be determined from the
data shown in Figure 4. it will be noted that the ternary mixes TSF-1 and TSF-2 are significantly
denser than che binary mix TSF-3.

The relatively high bulk density of the ternary mixes and the energy content of the resultant
exhaust products will combine to yield the minimum required fuel storage volume for a given
cartridge starter operating cycle.

The temperature and the composition of the exhaust gas generated by the decomposition of
hydrazine-based fuels is a strong function of the chemical composition of the fuel mix, temperature S
of the fuel supplied to the gas generator, and certain physical design variables i in the decomposmon
chamber. ’

Hydrazine fuel may be considered to be decomposed in the gas generator reactor according to the
following consecutive reactions:

3N2H4 —= 4NH3 + N2 + 144,300 Btu (1)

4NH3 - 2N2+6H2- 79,200ABtu | )

e | In the first step of the reaction model, the hydrazine is broken catalytically into ammonia and |

| ; nitrogen. In the second step, the ammonia formed is dissociated into nitrogen and hydrogen. In the co

first step, the exhaust products would be slightly toxic due to the presence of ammonia and ! J,

relatively nonflammable due to the absence of hydrogen. In the second step, which is exothermic, ‘

the ‘exhaust .gas temperature. decreases as the ammonia dissociates into nitrogen and hydrogen,

effectively -reducing the tuxmty of the exhaust products and mcr(.asmg their flammability due to
. the presenoe of hydrogcn

. Baslcally, the control of the flow variables and the geometry of the gas generator control the degree
¥ S of completion -of the second step of the reaction process for a neat hydrazine fueled gas generator. 5

RN This provides the designer a means of controlling the exhaust gas temperature and composition of
the exhaust products. Bquatnors (1) and (2) may be combined as follows for calculation purposes;

PR P IeIrs QU T g S

3N2ﬂ4 4(1 - X) NH3 + 6XH2 +(2X-1) N2 + (144,300 - X(79,200)] Btu 3)

where X = fractwn of NH3 dlssocmted

T e At s amde s 1 o

'For the fucl mixes of interest, equation (3) may be modified to account for the addition of water

A and/or hydrazine nitrate, and all of the properties of the resultant exhaust gas may be determined

for -4 meaningful range of ammonia dissociation (X) over a fuel supply temperature of -65 to

... +160°F, Tible 2 summarizes the thermochemical characterization of the candidate fuel mixes for

'&tudy. Table 3 summarizes the exhaust gas composition of the candidate propeliant blends as a
mnction ot‘ ammonia dissocmtion.
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Table 3
EXHAUST GAS COMPOSITION OF CANDIDATE PROPELLANT BLENDS

p it [/
Propellant /'\mm'onia Exhaust Gas Crmposition, % by Volume
Blend Dissociation
% Nitrogen Ammonia Hydrogen Water
TSF-1 40 23.7 24 24 28.3
60 25.7 14.8 333 26.2
TSF-2 40 244 23.4 23.3 28.9
60 20.2 14.4 324 26.9
TSF-3 0 133 53.2 0 334
20 16.8 - 385 14.4 30.2

Tests conducted by RRC on water/hydrazine mixtures indicate that no ammonia dissociation is
obtamed below 1,0000F exhaust gas temperature. For the water/hydrazine blend, ammonia
dissociation values of zero to 20 percent are expected. For the nitrated propellant blends, tests on
other RRC programs have indicated ammonia dissociation values of 40 to 60% are to be expected
with reasonable bed lengths.

225 Slfety
The general safety guidelines for handling hydrazine and hydrazine water blends are well established
and readily available. The safety and handling characteristics of hydrazine/hydrazine nitrate blends
are often questioned from the following two aspects:
a.  Detonability or shock sensitivity since a limit exists on the amount of hydrazine nitrate
which may be added before the propellant does become sensitive
b.  Nitrate crystal formation due to inadvertent spillage.

A propellant mixture 24% hydrazine nitrate and 76% hydrazine has been extensively characterized
for safety and handling characteristics. The following mmmanzes the results of safety tests to which
this mixture. ‘has been tested:

i Th; x;mpﬂhnt qam)ot be expladed by shock, friction, or electrical discharge (USBM IC

- .ﬂb. ‘Closed tanks . oontammg hydrazme hlends normally burst without exploding when

. exposed to bonfires (JPL. TR 32:172).

lmbwt of 20 mm incendiary dmmuhition or 0. 3-caliber bullet did not cause explosions
(JP‘L TR 32-172)

13
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d.  Negative results with following JANNAF/ICRPG tests.

(1) Drop weight test

(2) Card gap test

(3) Trauzl block test

(4) Detonation propagation test
(5) Adiabatic compression test

As noted, all of the above safety tests gave negative results, indicating good handling and safety
characteristics of this blend, Addition of water to hydrazine/hydrazine nitrate blends for the
TSF-1 and TSF-2 propellants) will improve the handling characteristics since water acts as a diluent.

In conjunction with a previous RRC contract, tests were conducted on the hazard potential
resulting from an undetected spill or propellant residuals in an incompletely emptied tank. The
majority of the simulated spill tests were conducted with the 24% HN binary mixture, which is
considered more difficult to handle than cither TSF-1 or TSF-2, Samples of propellant with
constant surface area were exposed to the atmosphere under varying cnvironmental conditions, and
the propellant was analyzed after repcated time intervals. The data in Figure 5 shows that both
with stagnant air and with air velocity of 50 feet/min, the propellant picked up water from the air
because it is hygroscopic. The composition barely touched the detonable range between 2 and 4
hours after initiation of the test and then moved toward the inert water corner of the ternary
system.

Subsequent tests were conducted in a closed system under closely controlied conditions with
constant telative humidity. The apparatus shown in Figure 6 was used for this test, It consisted of
a constant humidity chamber with a4 constant humidity solution composed of sulfuric acid and
water, The constant humidity solution served a dual purpose: first, it maintained a constant relative
humidity of water in the chamber regardless of ambient temperature fluctuation; and, secondly, it
immediately removed all hydrazine vapor from the atmosphere. The test must be regarded as a more
severe test than under actual field conditions because a stationary hydrazine partial pressure above
the solution will delay the rate of evaporation considerably.

As shown in Figure 7, detonable mixtures can form under these conditions of increased severity
only at humidities below 30%. Even then, it took several days before the curve entered the
detonable range. Under practical conditions, a leak would be detected betfore this time, and
corrective action could be tuken.

The tests indicate that for the anhydrous 24% HN mixture, detonable mixtures can be formed
under oxtremely dry conditions with a high rate of air exchange. However, this is less likely to
happen with the TSF mixtures because these already contain watet, and relative humidity in the
vicinity of the propellant will always be high. Curves in Figures 5 and 7 pass through compositions
similar-to TSF without dropping back into the detonable range. It is expected that the initial slope
of the curves for 20, 30, 40, or 75% relative humidity will remain the same; just the
starting point would be moved to the right by approximately 20 scale units, making it less likely to
intersect the detonable range with subsequent evaporation. It must also be emphasized that in no
case did the aforementioned evaporation tests with the 24% HN mixture result in the formation of
nitrate crystals. The constituents remained completely soluble at 770F, It is therefore believed that

14
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the probability of forming a detonable compound or nitrate crystals with the TSF-1 or TSF-.
propeilants is extremely remote.

2.2.6 Cartridge Starter Performance
The performance of the cartridge starter has been analyzed (see paragraph 2.4.2) to evaluate its
operating characteristics when the unit is converted to operate on hydrazine-based fuel.

Starter performance is considered adequate and cqual to or better than that obtained with the
existing solid propellant cartridge when operated with any of the three candidate fuel mixes. No
modifications will be required to the turbine portion of the cartridge starter for operation with fuel
mixes TSF-1, TSF-2. or TSF-3.

Since TSF-2 has the highest energy density of the three candidate fuel mixes, this mix would be the
preferred mix from a gross turbine performance viewpoint. TSF-1 and TSF-3 would be ranked as
second and third candidates in that order.

2.2.7 Baseline Fuel Selection

As discussed in paragraph 3.4.2, the TSF-2 fuel blend was finally selected as the baseline fuel for the
starter application. Fuel consumption measurements during starter performance testing in the
hydrazine mode indicated that the TSF-2 fuel blend was the only candidate fuel that could be
packaged in the space available in the breech storage volume that would duplicate the energy
available in the solid propellant cartridge at -65°F ambient temperature operating conditions.

2.2.8 Preparation of the Ternary Fuel Mix

There are two fundamental techniques available for blending the ternary TSF-1 and TSF-2 fuel
mixes. One method consists of adding water to anhydrous hydrazine followed by the addition of
granular industrial grade ammonium nitrate (NH4NO3). The second method involves diluting nitric
acid (NHO3) with water and adding che resultant solution to anhydrous hydrazine. Both techniques
were evaluated during the Phase Il portion of the program as discussed below.

2.2.8.1  Ammonium Nitrate Method

The composition of the TSF-1 fuel mix is (N2H4 + 0.118 N2H5NO3 + 0.563 H20). When the fuel
mix is prepared by the ammonium nitrate method, the mixing reaction is as follows:

heat of hydration ammonia gas

Hydrazine + water t + ammonium nitrate 1
or quantatively:

1.118 NyHy + 0.118 NH4NO3 + 0.563 Hy0 —

H, +0.118 NoH<NO< + 0.563 H,O) - - +0.118 NH
(NaHy 2HsNO3 20) e 3t

18



Thus, with the proper quantities of hydrazine, water, and ammonium nitrate, the TSE-1 fuel mix
cin be prepared: but the fuel will contain up to 3.6 percent (hy weight) of ammonia. This amount
of ammonia is considered excessive and must be removed by further fuel processing.

Figure 8 depicts the sparging apparatus that was used by RRC to reduce the ammonia content of
the TSF-1 fuel mix to less than 0.4 percent (current limit in anhydrous hydrazine). The fuel was
sparged with low pressure gascous nitrogen for approximately 48 hours in a 5S-gallon drum using a
glass “‘tree™ to disperse the nitrogen bubbles over a relatively large surfuce arca. After this initial
sparging period, fuel sampling and analysis indicated an ammonia content in excess of 1 percent.

LYY

A vacuum pump was attached to the vent line, and the sparging process was repeated at a pressure
in the drum on the order of | psia for 24 hours. Little, if any, rcduction in the amount of ammonia
content was noted.

The fuel bunker where the sparging was conducted was not heated, and the ambicnt temperature
was in the 35 to 409F range. The sparging drum was subsequently heated to 70°F, and the
vacuum/sparging operation was continued for 10 days with incremental fuel sampling and analysis.
The final ammonia content at the conclusion of the 10-day sparge period was 0.35 percent.

2.2.8.2 Nitric Acid Method

When the TSF-2Z fuel mix was prepared for the Phase Il test program, the nitric acid method was
used to avoid the time consuming sparging operation discussed above.

The composition of the TSF-2 fuel mix is (N2H4 + 0.145 Np2H5NO3 + 0.521 H20). When the fuel
mix is prepared by the nitric acid method, the mixing reaction is as follows:

heat ;44 mix to heat
Water + acid f = hydrazine ?

or quantatively:

1145 NyHy + 0.145 NHO5 + 0.521 Hy0O—

(NgHg+ 0.145 NyHsNO3 + 0.521 Hy0)_ o

As noted, the fuel composition by the nitric acid technique is acceptable as mixed. The single
constraint in adapting this mixing procedure is the limited allowable rate of adding the diluted acid
mix to the anhydrous hydrazine. The dilute acid mix must be added slowly to allow the heat of
reaction to dissipate in a safe manner.

2.2.9 Physical'Properties.of the TSF-1 Fuel Mix

Although not contractually required, RRC conducted a limited physical propertics cvaluation of the
TSF-1 fuel mix to determine the freezing point, low temperature viscosity, and low temperature
density characteristics of the fuel blend. ‘

19
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2.2.9.1 Freezing Point

The TSF-1 fuel mix froze at <959F und melted, on reheating, at -859F, providing adequate margin
below the required -659F operating extreme for the starter,

2.2.9.2 Viscosity

The viscosity of the TSF-1 fuel mix was measured by the ASTM D445 method using
Cannon-Fenske capillary tubes over a temperature range that varied from -85 to +80°F. The test
results are shown in Figure 9.

2293 Density . i - « -
TSF-1 fuel domlty waa. mo.murc.d by the ASTM D-941-5§ mcthod using a Lipkin bicapillary

pycnometer over 4 temperdtu:c rangc that vamd from -85 to +77°F The test results are shown in
Figure 10 S

23 GAS CENERATOR SELECTION o
231 ‘Decomposition Techmqucs B

In broad terms, . ‘the decomposition of hydmzme may bc Ldrl‘lbd out by means of two teohmques,
thermal or catalytic. Edrly work on hydrazme deoompoe,xtnon was carried out.in empty chambers in
‘which ‘the chamber - walls ‘were preheated to. approximately 1,0000F. This. temperature was,
suffiuent such that’ when propellant. was introduéed, vaporization and subsequent decomposntlon
-would occur. ‘Such tcohmqucs required: high L"‘ Gie.. chamber volume) in order to complete the
decomposmon. ‘As -the . application -for.: hydmzme as’a monopropollant grew, .catalysts were
developed. to decrease. the . deoomposntxon tithes and minimize reqlured chamber volumes, Initial
catalye.ts were deVeIOped whnch were-hot spontaneous at-ambient temperature, but when heated to
500 to 700°F, exhibited high, wtdlytw activity. Subsequent’ ‘work resulted in the development by
‘Shell Development Company of a catalyst which would mmatc the decomposition at ambient
tempetature. Devdopment of this: catalyst openod up a new broad spec trum for the appluation ot
monopropellant hydrazme. . L : , .

In the past few years many government agencies and industrial firms have concentrated on the.
.development of thermal. decomposntnon techmques “for hydrazme-based ‘monopropellants. Such
‘techniques can result in minimizing gas” generator costs and, for high :production ‘tactical
apphcations. cdn' rcsult in cost savings over ca*talytic design approaches dependmg on the size of the
device 'l‘he ensumg seotnons discuss in mare detail decomposntxon approaches.
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1

In the thermal bed gas generator, some of the heat from the heat cnergy liberated by the
exothermic decomposition must be used to heat t_l'ui, incoming propellant to its autodecomposition
temperature. Consequently, the decomposition zone is 'stubfh&cd in the thermal bed at a point
where the cacrgy required to heat the inconiing fuel is. equak,d by the ability of the hot gas and the
thermal bed material to transfer heat into the fuel, As'‘the flow rate or bed loading is increased, the
decomposition zone will be cstablished deeper in the bed. If the thermal capacity of the bed is
insufficicnt to heat the incoming propellant.bo its Juwodccdmpcssxtum temperature, the decomposi-
tion zone will steadily move out of the bed and flo dmg will vceur. Thus, a desirable thermal bed
material should have moderate heat wpuuty and hxgh thcrmal condu«.twity to transter heat to thc
top of the bed. : . o

Bed materials commonly employed in th’érmal b'éd‘jfreap,t‘ors include wire mesh screens, spherical
balls of stainless steel, copper, or céranﬁ» materiald, and porous matrices of honeycomb ceramie,
fire brick. or foam metals. The most. common twhmquus used for startmg thermal beds are either to

heat it electrically or to use jodine penwxlde (1208) in powdcr rorm s.ontaim.d at the top of the
bed. The 1205 roacts with hydrumne on start to prchwt th» bed."

The advantages of the thermal bed decompqm.on techuiquo mc.lude Potentm) lower cost, ubility to
run with carbon containing hydrazine-based monopropcllants. and m ulanve ruggedness compared
to catalytic chambers, . L

The major disadvantages of the thcrmul bed approach mcluclc large chamber volunu neussnry for

decomposition, single failure mode if the auxitiary ignitiss” ‘Source does not Wm'k lack of restart

cupability without an ¢xternal enetgy source. The posszbihty of & misfire u the auxiliary ignition "
source does not work represents 4 very serious diwdvautage to. “ihurmal bed decomposition and on .

the Space Shuttle program was the one item which led NASA to Solect a gamym uppro.u.h for the
hydrazine gus gcnormor APU sysum

2.3.1.2 Catalytic Dccomposition

Catalysts for the decomposition of hydrazine fall into two classes: thqs‘e which are spontaneous and
initiate decomposition at ambient témperature, and those which must be preheated to varying
temperatures. bcfore they exhibnt sumciem catalytw actnvity to'sustain ducomposition

Catalysts which will not initidte decomposition at amblcnt temperatute typi«.nlly have to be heated
to 500 to 700°F before. sufficient activity is obtyined ¢5 < sustain decomposition. These catalyats are
typically one of two._orders of magnitude less costly "than Shiell 405 catalyst. Rocket Research

“Corporation and other orgatiizations have developed: several. catilysts which fall in this category.

Starting is typmaﬂy obtained by preheatu;g the bed: ulectncully or with a sohd propeilant or by
coating the catalyat.with Y solid oxldizer.: A

.\\

Shell 405 catalyst repments ‘the best catalyst avauable to imﬁnte hydrazim decomposition at

- ‘ambient temperatures, The catalyst has been choroug/ characterized and developed within the
o .in:,lustry. Other catalysts have been developed by Shell, RRC, and others which will initiate
. " 'decomposition ut ambient temperature, but their life characteristics are inferior to Shell 405.
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‘propellant qxjggg-ura‘s.

2 3 2 Selection of Decomposition Techniques

The pre\nous sections have discussed three techniques for hydrazine decomposition. These
technisues are:

- a. Them.i_a'l- bed
Al spontancous catalytic beds
Nonspontaneous catalytic beds

ol (

']'he above thrgo teohntquea were numerically evaluated for use in the jet engine starter program

against. criwrid which is important for this application. The results of this analysis are shown in
Table 4. It is seen that the spontaneous catalytic approach tor decomposition rates is markedly
supérior to thé other uppwachc This rating is achicved due to its ability to initiate decomposition
without ‘othér heat sources, its small envelope and packaging flexibility, its lack of refurbishment
requireinents between starts, “und its ability to very effectively decompose hydrazine/water

Tuble 4
L EVALUATION OF DECOMPOSITION TECHNIQUES
lasy 3 ’+' o M _.n v g N s
S R : , onspontaneous pontaneous
1. 00 Parameten . W;igcl::’i:\g Th;::m' Catalyst Catalyst
LT T ‘ Bed Bed
Volme | 20 o, s 20
l,_-\Startcnpabihty N TR BT ST 20
”"Capabﬂityofrunnmg o - o ) i .
with NoH4/H20/N2HSNO3 15 7 10 15
propellant riixtures 7
Initial cost 15 15 12 10
| Refurbishment cost perstart | 15 8 8 15
,}";*-Major refurbishment copt 0 | 10 8 6
4 Puckaging flexibitity BT TN B 8 10
'E!tmnmcutal capnbﬂlty'.f -;;;f;_-‘_ , . '
1 foi uininyrepeatedu S SRS (S R TV 7 7
ﬁbraﬁon foads ' 1 o
~Total .- us o160 | 8 . 103
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2.3.3 Catalyst Selection

Catalysts other ilian Shell 405 are available for the decomposition ot hydrazine-based propellants.
Other catalysts available in the indusiry are shown in Table S. These catalysts have been evaluated
for use in the jet engine starter gas generator.

Shell 405 is the catalyst which is currently used in all major space programs involving
monopropellant hydrazine thrusters. It is the only spontaneous catalyst which has flight experience
and has been extensively characterized and developed for monopropellant applications. The catalyst
uses iridium metal deposited on a Reynolds alumina (RA-1) alumina substrate. Because of the high
cost of iridium metals and the processing costs, the catalyst is relatively expensive. It should be
remembered, however, that for the jet engine starter, the cataiyst can be reclaimed after use so that
its effective cost is substantially reduced.

The aforementioned catalysts have been evaluated quantitatively for application for the jet engine
starter program. This evaluation, presented in Table 6, considered spontaneity, strength,
susceptibility to oxidation and atmospheric contamination, cost, availability, catalyst stability,
packaging flexibility within the thrust chamber, refurbishment costs, vibrational load capability,
and catalyst life in terms of total burn time and number of starts capability. Based upon these
considerations, the study indicates that the mixed catalyst bed approach represents the optimut
approach for the jet engine starter gas generator, It satisfies all performance constraints while still
providing an overall bed of high activity in a cost-effective manner. The selected catalyst bed is one
containing Shell 405 in the inner bed next to the injector und LCH-202 in'the remainder of the bed.

2.3.4 Gas Generator Packaging

Two packaging approaches are used at RRC in gas generator design. These two design approaches
shown schematically in Figure 11 consist of axial flow and radial flow techniques. The axial flow
packaging technique is normally employed in the lower thrust level regimes (i.e., less than 50- to
100-1bf thrust level), and radial flow geometries are employed above this level.

The radial flow geometry was initially selected for the Phase 1 flight concept design configuration as
shown in RRC drawing SK 5585 (Figure 12, naragraph 2.4). However, detailed analysis during
Phase 11 prototype gas generator design activities indicated that the space available for packaging the
gas zenerator in the starter breech base resulted in unforeseen complexity in the design of the
catalyst bed containmeat structure to accommodate thermal growth .of the catalyst durmg
gcnemtor operation.

A review of the alternates available resulted in the final design upprouach that ut:hzes eight small

_ axial flow gas generator elements arranged in parallel as shown in Figure 43 of p«ragraph 3 4,

2 4 FLIGHT CONCEPT -
The desixn of the Phase I flight concept version of the hydrazme-fueled starter is discussed below.
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Table 5
GENERAL CHARACTERISTICS OF CANDIDATE

JET ENGINE STARTER CATALYSTS

Catalyst

Cost per Ibm

Spontaneity

Relative
Activity

Shell 405

$4,000

Spontaneous

at ambient

temperature
or below

High

Shell X-B

$300

Low at ambient
temperature

Low

Shell' XC

$600

Spontaneous
at ambient
temperature

Med

* Shell: X-4

$600

Spontaneous
at ambient
temperature

~ Med/High

- .
Shell experimental

| ~8500

Spontaneous
at ambient
temperature

High

ESSO.500

~$300

Spomaneousﬂ
at ambient
temperature

High

In range
of Sheil
X-series.

Low at
at ambient
temperature

Low

o s100

Nonspontaneous
at ambient
temperature

&t imbient
tamperature

Norisporitaneous
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GAS GENERATOR CATALYST BED PACKAGING APPROACHES
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2.4.1 Preliminary Design — Flight Concept Hydrazine Starter

The preliminary design of the flight concept hydrazine starter is shown in RRC drawing SK 5585
(Figure 12), Major system components include;

a.  The main gas gencrator
b. A 181-in.3 fuel cartridge

¢. A hydrazine-fueled pressurization subsystem that is used to pressurize the fuel cartridge
and expel the fuel during starter operation,

In this system concept, the gas generator would be permanently installed in the breech base of the
starter. The fuel cartridge and the pressurization subsystem would fit in the removable breech cap.
The fuel cartridge would be expendable and replaced after each start cycle, The pressurization
subsystem would be partially expendable requiring the replacement of a fuel/pressurant/explosive
valve module after each start cycle.

The main gas generator was assumed to be capable of operating through a minimum of 400 full
power starter operating cycles without maintenance, The gas generator was a radial flow device
using Sheil 405 spontancous catalyst in the inner bed and LCH-202 catalyst in the outer bed. Fuel
from the fuel cartridge would be injected uniformly over the innermost porous surface of the inner
bed catalyst retainer, and the hot gas would exit uniformly and radially through a partially open
outer catalyst bed retention cylinder. The breech base would function as the pressure vessel to
contain the hydrazine exhaust gas, The turbine hot gas nozzles in the starter would provide the
necessary flow limiting control.

The fuel cartridge would contain 181-n.3 of @ hydrazine-based fuel mix designated as TSF-1
(turbine starter fuel-1). It was estimated that this quantity of fuel would be sufficient to duplicate
the energy content of the MXU4A/A solid propellant fuel cartridge. The fuel would be contained in
a elastomeric bladder, and the bladder would be packaged in a lightweight plastic shell for
protection during handling. The fuel cartridge would interface with the fuel inlet stem on the main
gas generator through an O-ring sealed fitting. The interface fittirg on the fuel cartridge would
include a burst disc for fuel retention during handling and storage. The burst disc would rupture
during breech pressurization ailowing fuel flow to the main gas generator. Fuel containment with
the bladder would assure that the starter would operate in any attitude,

The pressurization subsystem is shown schematically in Figure 13. A total of 8.8 cubic inches of
high pressure nitrogen gas is contained in a coiled tube bundle and retained by a normally closed
explosive valve that interfaces physically with the électrical connector in the breech cap that is
normally used to fire the squib in the solid propellant cartridge. When the starter is operated, the
explosive valve is fired, releasing the high pressure nitrogen through a pressure regulator where it is
then used to pressurize and expe! 11 cubic inches of the hydrazine-based TSF-1 fuel mixture
through s small catalytic reactor. The fuel mix is also stored in a coiled tube bundle; this technique
will assure that the pressurization subsystem will operate in any physical attitude. The
pressure-regulated exhaust products from the small catalytic pressurization reactor pressurize the
breech, expelling the fuel from the fuel cartridge into the main gas generator.

30
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When the fuel supply in the fuel cartridge is depleted, the fuel cartridge to gas generator interface
fitting is designed to shuttle and allow the breech pressurant to vent through the main gas generator
allowing post-starter operation access 10 the breech area for the replacement of expendables,

2.4.2 Predicted Operating Characteristics of the Hydrazine-Fueled Starter

Considerable insight into the energy available for cartridge starter operation was obtained by
reviewing the military specification for the MXU4A/A solid propellant cartridge (MIL-C-27505B)
and a literature survey of papers published by propellant suppliers, The military specification
established operating pressure limits, minimum pressure time integrals, and bum time requirements
for the solid propellant cartridge. The literature review defined typical solid propellant exhaust gas
properties including theoretical gas temperature, molecular weight, composition and v (the ratio of
Cp/Cv).

This information was used in conjunction with the generalized equations available for impulse
turbine performance analysis and the known thermochemical performance characteristics for the
hydrazine-based. fuel blends selected for the starter program to establish the operating pressure run
time and quantities of expendables required for the flight concept preliminary design.

The results of the analysis are summarized in Figure 14 for soak temperatures of -65, ambient,
and +160°F. The quantities of expendables shown will theoretically provide hydrazine-fueled
starter operation equivalent to that obtained with the MXU4A/A solid propellant cartridge.

2.5 PHASE Il PROGRAM/TEST PLAN

The Phase I program plan is bummamed in Figure 15. The plan included five distinct tasks as
follows.

The initial task involved the design and fabrication of the prototype flight concepi gas generator
followed by component level testing of the unit, in conjunction with the breadboard fuel suppiy
system, to verify the adequacy of the gas generator operating characteristics at -65, ambient, and
+160°F operating conditions.

Task Il included the installatibn of the universi! starter test stand and the conduct of multiple
starter test firings in the Scartridge mode,” at -65, ambient, and +160OF soak conditions to
determme the. perfonnance charactetistncs of the uartndge starter

~ The prototype fhght c.onoept gas generator would- then be adapted ta the cartridge starter, and the
‘starter performance wou!d e monitorcd during Task 111, The petfofinarice of the hydrazine-fueled
starter would be compared to the “cartndge mode” results of Task I, verifying the adequacy of the
hydrazine starter conoept and est:blnshing fuel consumption per start cycle requirements at -65,

ambient, and +160°F operating’ ‘conditions. Task 111 testing would then continue until 2 minimum
of 20 full power starter opérating cycles: had been accumulated to demonstrate a limited life
capablhty of at Jeast 20 statts an’ the pmtotype t‘light coneept gas generator
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PHASE | PRELIMINARY SYSTEM SIZING ANALYSIS SUMMARY

i
8.8 in.3 —-—m )
\ 65 Ambient +160 ! f
!
‘ AN - 3,000 psia 4,780 psia 5,850 psia ! ,
- . \ 1 | 1,200 psia © 1,690 psia 1,950 psia '.
. N\ TSF1 . , _—
11ind ——o FUEL) ’
== : : Ogék b\ 1,135.psia !
._ d 1 1,030 psia 1,030 psia 1,030 psia ; (
-l x=06  x=06 x= 0.6 i
1. | 1.861°R 2038°R | 2144°R g !
w = 0.0222 w * 0.0212 w = 0,207 § A
b/sec 1h/sec tb/sec ' ' 1
' ¢
1,030 psia 1,030 psia 1,030 psia
8650R ‘8739R 881°R :
3 TSF 1 FUEL ' :
181 in, 7.3 b l
831 psia. 935 psia - 939 psia !
C x=04- x = 0.4 x = 0.4 l
i2,0840R 2,227°R 2,3319R. l
1 'w=049 | w=047 “w=0.46 ]
~odbfsee o lblses Ib/sec .§
" — i
. T - o o . !
1B psia 18 psia 18 psia ‘

TN

1,0389R

1,0880R

““Run Time

14.9 sec

r

© Run Tim@ '

15.5 sec

Rgn Time

15.9 sec

‘Figure 14
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During Task 1V, component level testing would be conducted to evaluate the basic adequacy of the
flight concept pressurization subsystem and the fue! cartridge. Funding limitations would limit
these tests to pressurizing reactor performance characterization using the breadboard fuel supply
system in place of the flight concept coiled tube bundle fuel supply, and fuel expulsion tests using a
representative elastomeric bladder and cold nitrogen gas to expel water from a test device to verify
acceptable fuel expulsion efficiency with the proposed fuel cartridge system geometry.,

The hydrazine-fueled starter would be operated .in conjunction with the breadboard fuel supply
system during a formal demongtration as Task V. The contracting agency and other interested user
organizations would witness ‘this demonstration,” which would be combined with a formal
presentation of the Phase 1/Phase 11 program results.
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SECTION Ul
PHASE Il — EXPERIMENTAL TESTING AND DEVELOPMENT

This portion of the report describéts the test hardware and the experitnental test results associated
with the t‘caéibility demonstration of the hydrazine fueled starter concept,

3.1 BREADBOARD FUEL SUPPLY SYSTEM

The hydrazine-fueled starter feasibility test program did not require the dosign and fabrication of
the complete “in-breech” hydrazine fueled gas generating system. A prototype, flight concept gas
generator wus fabricated and installed in the breech base of the starter, but the flight concept type
fuel cartridge and its pressurization subsystem were not fabricated due to the feasibility nature of
the program. Fuel supply to the starter was accomplished with a laboratory type, pressure-regulated
breadboard fue! supply system with a capacity of 2-1/2 galloas,

The breacdboard fuel supply system is shown schematically in Figure 16. The system consists of
2-1/2 gallon fuel tank, control valves, flowmeters, and instrumentatioti to monitor fuel pressure and
fuel temperature. The breadboard fuel supply system was mounted in a 25-£t3 environmental test
chamber to allow temperature conditioning of the fuel supply, prior to starter operation,

A sightglass was installed in parallel with the 2-1/2-gallon fuel tank. The calibrated sightglass was
used to monitor the total quantity of fuel consumed per start cycle by recording the pretest and
post-test liquid levels in the unpressurized tank. Instantancous fuel rates were :monitored with two
turhine type flowmeters.

The breadboard fuel supply system was pressunzed with high pressure gaseous nitrogen through a
domedoaded pressure regulator.

3.1.1 Pressurization Ramp Generator

Figure 17 depicts the fuel pressure versus time characteristics of the flight concept hydrazine
starter. At time zero, the pressurizx&.tibn_ subsystemn would be initiated, and the breech pressure
would increase to- the valve PRp which would rupture the fuel containment burst disc in the fuel

~ cartridge allowing initinl fuel flow to the maiti gas generator. The breech pressure and the pressure
“of the fuel supphed to. the'ix_n#n 848 unnutor would continue to increase to the equilibrium value

dnr&ng thc wnc inwml dmmd in mem as, the prmurization tnme

The tuel outlet ‘buret disc’ ruptum prmure (Pap), the steady-state opmting pressure level (Pop).
and: the pressuriuﬂon time. interval are: systém dzmn\ vumbles that can be v.u‘ied wnsistent with
the, pert‘onnance roqmremcutn ot‘ the ttattcr. T
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The breadboard fuel system utilized a pressurization ramp generator to simulate burst disc rupture
and pressurization rate control in a meaningful manner, This system functions as follows:
a.  Prior to firing the gas generator, the dome loading regulator was sct to a predetermined

pressure PBD. typically in the 20- to 100-psig range. EV-1 was opened and the 2-1/2
gallon tank pressurized to the Pgp value.,

b, EV-l was then closed, and the dome loading regulator was then set to the desired
steady-state fuel pressure (PREG). »

The gus generator was then fired by simultaneously opening the main propeliant control
valve EV-2 and the pressurization control valve EV-1, The time required to pressurize the
2-1/2-gallon fuel tank from the initial pressure PBD to the desired steady-state fuel

(o)

5” pressurc POp could be varied (and controlled) by presetting the throttle valve in the
) % pressurization ramp generator which in effect controlled the time required to charge the
: 300-ml cylinder in the ramp generator, providing a controlled pressure versus time input

to the domedoaded regulator which in tum was used to establish th» pressure in the 2-1/2
gallon fuel tank.

Figures 18 and 19 are photogmpha of the breadboard fuel supply systcm and the 25- ft3
environmental chdmber '

3.2 SUBSCALE TESTING

Initial Phase 11 testing was conducted with a subscale gas generator as discussed in the following
subsections, The primary objective. of the subscale gas generator test program was to verify the
'adequauy of tho proposod design pnor to Lommnttmg to the tabngatxon of the flight concept (8
cup) gas generator, ‘

‘z
] \. . . e ‘ 4
‘{ Test objectives imludbd verification that:
) ! 4. The catalyst bed dwgn was. adequate.
% ‘1. Proper bed |ength
*i 2. Proper bed loading
3. Mixed catalyst bed approach viable .
b.  Reliable ignition could be obtained at -659F soak conditions.
¢, Gas generator operation was stable and acceptable with c.andndate terary fuel bionds.

d. Gas generator was capable of successiully meeting the 20 full power starter operating
cycle limited hfe requirement without- tefurbishment.
3.2.1 Subscale Gas Gencrator RS o
Figure 20 is a photograph of the enzht-cup prototype flight concept gas generator assembly which
was taken after the. major components were oven brazed but prior to final assembly and catalyst
A loading. The flight concept gas generator is an assembly of eight small gas gencrating elements
~- (cups) arranged in patallel and fed from a common, centrally located fuel supply manifold.

40
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g;}% Prior to committing to the fabrication of the eight-cup prototype flight concept gas generator, an
‘fé extensive test program was conducted with a subscale gas generator which consisted of one cup,
Y

similar in geometry to those proposed for the flight concept unit,

S SE

Subscale testing with the single-cup gas generating element allowed rapid and cost-cffective design
maodifications, reduced the quantity of fuel required to evaluate the operating characteristics, and
resulted in meaningful and reliable test results that were not subjected to scaling effects.

Figure 21 is a sketeh of the subscale gas generator that was utilized to evaluate the adequacy of the /
proposed cup type gas generating clements for the flight concept gas generator, The major features -
of the subscale gas gencrator are as follows. / / L

3.2.1.1 Single-Cup Gas Generating Element - /

The cup assembly includes the cup, fuel injector, catalyst, bed screen, bedplate, and the bedplate
retainer, The geometry of the single~cup gas generating element was identical to that proposed for
the flight concept gas generator application with two minor exceptions:

a.  The overall length of the cup wus slightly longer. The cup length downstream of the
bedplate was extended slightly to accommodate multiple rework operations that would
be required if the catalyst bed composition or. catalyst bed gwmetry had to be changed
during the subscale evaluation testing, - :

b. The fuel inlet on the subscale cup was located on the axis of symmetry of the cup for
convenienge of-adapting a fuel control valve to the subscale gas generator,

The flight concept gus generating elements (cups) have thur fucl inlet fittings located at
_ rxght angles to thc axls of symmetry to the cup.

The cup, fuel injector, bodplatu, and bedplate retuinmg ring were fabricated from 347 stainless steel. 4
The injector was oven brazed to the cup with Palniro 1 braze metal. After loadmg a predeteimined
quantity of catulyst mnto the cup, .the bedplate was anstalled and held in place by the bedplate
retaining ring., The retaining ring to cup joint was then sealed by a continuous melt-down TIG weld.

For the initial subscale gas generator test serier, the catalyst baed consisted of 6.0 grams of 25- to :
30-mesh granular Shell 405 spontaneous catalyst loaded into thut portion of the catalyst bed ;
immediately adjucent to the injector. Additicnally, approximately 8.0 grams of a 14- ta 18-mesh
nonspontancous cutalyst designated as LCH-202 were lbaded into the downstream portion of the
catalyst bed. Thé 405 and LCH-202: catalysts were isolated from each othér by means of a 50-mesh
screen fabricated from’ Haynes 25 material, In the final vérsion of . the subscele gas generator, the
‘entire catalyst bed was filled with Shell 405 spontamom catalyst and the intermediate bed screen
. was ellminatcd ) "

ettt et e o e

It sho_uld be\boted that the:gas generating cup element is not designed to support the total operating
pressure differential (Pgas - Patmosphere). The starter breech ucts os the structural element that
carries the total operating pressure differential. The individual single cup gas generating elements
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need only have sufficient strength to support the catalyst bed/bedplate pressure drop and transient
type starting loads that may occur during the inftial flow of fuel into the catalyst bed prior to the
initial pressurization of the beecech base void volume.

3.2.1.2 Subscale Gas Generator Pressure Vessel

The single~cup gas generating element was contained within a pressure vessel as shown in Figure 21.
The internal void volume of the pressure vessel was equivalent to 1/8 of the void volume in the
starter breech with the flight concept gas generator assembly installed,

The products of decomposition of the hydrazine-based fuel mix left the generator through an AN ' ‘H
type fitting at the downstream end. The single-cup gas gencrating element was backpressured by a
0.1-inch-diameter converging orifice located in the exhaust fitting. Provisions were provided for
monitoririg the exhaust gas temperature (T¢) and pressure (Pe) immediately upstream of the

. 0.1-inch-diameter throat restriction. The single-cup gas generating element was welded to the aft
f closure to facilitate cup removal from the pressure vessel. The aft closure was adapted to the
23 pressure vessel by a screw thread joint which was sealed with an asbestos filled copper crush ring.
~ &
T g‘ A cylindrical heat shield 0.015/0.020 inch thick was installed between the cup and the inner bore of
ey g the pressure vessel to reduce the heat loss from the cup and to reduce the heating of the pressure ;
- ! vessel wall. :

3.2.1.3 Photographs of the Subscale Gas Generator
Figures 22 through 24 are photographs of the subscale gas generator assembly.

¥ Figure 22 shows the complete usscmbly.v The thermocouple plug shown with the coiled wire is the

3 thermocouple that was used to moaitor the temperature of the fuel injector stem. The capped AN ‘ ‘
3 fitting centered on the cylindrical porticn of the pressure vessel was not used, %
g : }
V The downstream flange on the pressure vessel is drilled for mounting the assembly to the test ‘
& fixture, The fuel injector interfaces with the propellant (control) valve through the O-ring sealed ;
: stem. 4 }
|

Figure 23 shows the major elements of the subscale gas generator. Left to right are the pressure 4
vessel, cylindrical heat shieid, copper crush gasket, and the assembly of the single-cup gas generating é
element and the aft closure. : '

Figurc 24 shows the single~cup/aft closure assembly as removed from the subscale gas generator and
the component parts:of the single-cup gas generating element. Left to right are the bedplate
retaining ring, bedplate, bed screen and catalyst, injector screen, cup, and the as-fired single<cup/aft
closure assembly, '

Twelve slots were machined through the bedplate, The slots provide adéquate flow area for the hot
gas generated in the catlayst bed. The width of the slots is such that the catalyst granules cannot
pass through the slots.
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3.2.2 Subscale Gas Generator Test Results

The subscale gas generator was installed in the 25-1t3 environmental test chamber in conjunction
with the breadboard fuel supply subsystem as shown in the photograph of Figure 25. This
arrangement allowed simultaneous temperature conditioning of the fuel supply and the gas
gencrator prior to firing the subscale gas generator.

Figure 26 is a sketch of the test installation. The subscale gas generator was oriented with the
exhaust nozzle pointed vertically up to simulate the *““as installed™ attitude of the flight concept gus
generator in the bresch base of the STU13/A34 cartridge starter. The subscale gas generator and the
breadboard fuel supply system were instrumented as shown in Figure 26.

The basic subscale gas generator test procedure used throughout this test series was a3 follows:

a.  With the gas generator installed per Figures 25 and 26, the required soak temperature
was established in the environmental test chamber, If the required souk temperature was
other than *“local ambient,” the temperature of the breadboard fuel supply tank (TTK)
and the temperature of the subscale gas generator pressure vessel (Ty) were monitored
continuously. When TTK and Tw stabilized at the required soak temperature, the system
wis maintained at the required soak temperature for a minimum of 2 hours prior to
firing. _ ,

b. At the conclusion of the temperature soak period (if applicable), the fuel tank was
pressurized to the desired start pressure (typically 20 to 100 psig), and the dome loading
regulator in the pressurization ramp generator was adjusted to the required run pressure
(nominally 1,035 psia). -

¢, ‘The instrumentation recorders were started, and the subscale gas generator was fired by
simultaneously opening the propellant valve (EV2) and the solenoid valve EV| in the
pressurization ramp generator. ' '

NOTE: The reader should refer to paragraph 3.1 which discusses the breadboard fuel supply
subsystem and the pressurization ramp generator to review the “start” sequence.

d. The subscale gas generator firing continued for a nominally 15-second period.

e. At the conclusion of the 1S-second burn, the propellant valve (EV2) was shut and the
breadboard fuel supply tank was vented,

3.2.2.1 Instrumentation Y

All temperatures and pressures were monitored with chromel-alumel thermocouples and temper-
ature compensated strain gauge type transducers respectively. The output from these devices were
continuously recorded on strip chart and/or oscillograph recorders as summarized in Table 7.

3.2.2.2 Test Qbjectives

The basic test objective of the subscale gas generator test series was to determine the adequacy of
the proposed flight concept gas generating element when operated in conjunction with the mixed
hydrazine-based fuel (TSF-1) over an ambient temperature range of -65 to +160°F. Further, the gas
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Table 7
SUBSCALE GAS GENERATOR INSTRUMENTATION
Record on
Symbol Parameter Range ?:\'{::’t oscillograph

P Chamber pressure 0 to 1,500 psig X X
T Chamber temperature 0 to 2,2500F X
Tw Wall temperature 0 to 900°F X
Ti Injector stem temperature 0 to 4750F X
P; Injector pressure 0 to 1,500 psig X X
TTK Fuel tank femperature 05 to +160°F X
PTK Fuel tank pressure 0 to 1,500 psig X
Pt Fuel pressure 0 to 1,500 psig X X
Tf Fuel temperature -65 to +1609F X
Wf Fuel flow rate 0 to 0.1 lbm/sec - X
Teo | Environmental temperature 65 to +1600F X

generating element must be capable of operating satisfactorily throughout a limited life
demonstration equivalent to 20 full power starter operating cycles.

3.2.2.3 Flight Concept Gas Generating Element — As Proposed .
The “as proposed” version of the flight concept gas generating element utilized a mixed catalyst bed

geometry previously described, The upper catalyst bed was loaded with approximately 6 grams of

25- to 30-mesh Shell 405 spontancous catalyst. The lower bed was loaded with approximately 8
grams of a nonspontaneous catalyst LCH-202 manufactured by RRC. The mixed catalyst bed
technique was proposed to reduce the cost of the catalyst in the gas gencrating clements.

3.2.2.4 Test Results

A series of 39 subscale gas generator test firings were conducted to achieve the required gas

~ generating element performance and demonstrate the limlted lttc capability of the catalyst bed, The
test results ate discussed bclow

Subscale taating was lmtmted at. ambiont soak conditions with the “us proposed” mixed catatyst bed
gas. generating element, Five test tirmgs werc conducted at ambient soak conditions to monitor gas
genierator opemtmg characteristics such as chumber pressun level and stability, ignition character-
istics, gas temperature and the overall performance of the breadboard fuel supply system, and the
test instruinentation.and control subsyetems ’
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The low temperature ignition characteristics of the mixed catalyst bed reactor were then evaluated
by conducting multiple start attempts at 0°F soak conditions. These tests were not successful. The
mixed catalyst bed design would not support ignition at 0OF, A review of the test data resulted in
the conclusion that the catalyst bed was insufficiently active to suppoit the fow temperature
ignition requirement,

The baseline gas generating element catalyst bed composition was changed to all Shell 405 catalyst
(25 to 30 mesh); the LCH-202 cataly . was replaced with Shell 405 catalyst.

Subsequent testing of the all Shell 405 catalyst bed geometry resulted in successful ignitions at the
required -65°F souk conditions.

Subscale testing was then conducted at +160°F soak conditions with successful results, and the
subscale gas generator test program was then concluded by accumulating over 20 test firings on the
same catalyst bed to demonstrate the contractual requirement of a limited life capability of at least
20 full power starter operating cycles.

3.3 BASELINE STARTER TESTING - CARTRIDGE MODE

In order to determine the baseline starter performance characteristics for subsequent comparison
with hydrazine operation, a series of firing tests were conducted with the starter opersted by a solid
propellant cartridge. To sufficiently map the performance characteristics of the starter, a series of
eight *“‘cartridge mode” - sturter firings were conducted over an operational temperature range that
varied from -65 to +1600F. These firing tests determined the starter output speed versus time
characteristics (for a given load), as 4 function of ambient soak temperature,

The centracting agency supplied two different model cartridge starters for possible use in the test
program. Both starters were of the cartridge-pneumatic type. One starter was manufactured by
Garret, Model No. STUI5/A34. The other starter, Model STU13/A34, manufactured by
Sundstrand.

The Sundstrand starter was selected for the hydrazine starter feasibility test program because of its
aerodynamic braking feature which would prevent overspeed starter damage in the event of any
unforeseen loss of control in the breadboard fuel supply system during hydrazine mode starter
testing. This starter, S/N 650, had been overhauled and released as serviceable by ALC/San Antonio
on July 14, 1975, This starter utilized a standard 8-pound solid propellant cartridge of the MXU4/A
or MXU4A/A designation for cartridge mode operation.

3.3.1  Starter Test Stand

Starter output speed versus time operating characteristics were monitored with a government-
furnished universal starter fest stand, P/N 53E36-44D, Federal Stock No. 4920-803-7035,
manufacthred by Bendix. The test stand is a semiportable, self-contained unit that includes al, f
the equipment necessary to test a broad range of fuel-air, cartridge or pneumatic starters.
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The primary component of interest in the universal starter test stand is the provision for loading the
cartridge starter by means of an inertial wheel system to simulate a jet engine starting load. The
effective inertia of the starter load is 13.7 slug ft2, The inertia wheel is equipped with a tachometer
for monitoring tflywheel (starter output shaft) speed.

The technical order for the universal starter test stand (T.0. 3304-6-169-1) contained detailed
instructions for the installation and checkout of the test stand prior to use. Time to terminal speed
curves for various starter configurations were also presented fbr accept/reject criteria for starters to
be tested on the universal starter test stand. The time to terminal spwd curve for the STUI3/A34
starter, from the reference T.0., is shown in Figure 27, i
For acceptable starter performance, the starter terminal speed must be on:or to the right of the line
shown. Minimum terminal speed was not defined, nor was there any liu‘u‘cncc to dhe runge of
ambient soak temperature allowable, although the allowable opuralmg temperature rangs for the
test stand itself was hsted as +40 to +1300F,

Figure 28 is a photograph of the STU13/A34 cartrldge starter mstalled on the appropriste test
pad on the universal starter test stand. It should be noted that this particular 3tdrtel mounts such
that the cartridge breech is oriented vertically down. Thc, exhaust duc,tmg. l‘i an as‘wmbly of
“accessory”’ items available for the universal test stand, , !

Table 8 depicts the testing sequence for the eight shot cartridge mode baseline stm ter perlqrmanuu
test series. Also shown are the applicable RRC test run numbers and the ambient soak tcmpcraturu
of the starter and the solid propellant cartridge prior to firing. The entire eight run series utilized
MXU4A/A cartridges manufactured by Talley in the February, May, or June 1967 time frame.

Table 8

CARTRIDGE MODE TEST SUMMARY
Test RRC Ambient Talley Cartridge
Sequence Run Soak
Number Number | Temperature, ©F | Mfg Date Lot Number
1 40 +55 6-67 TI-2-128
2 . . 41 +55 6-67 Ti-2-128
3 42 +55 6-67 TI-2-128
4 43 . 4160 ' 2-67 TI-1-198
5 ) 44 ' +160 267 | TI1-1-198
6 ' 45 -65 2-67 TI-1-198
7 46 A 65 . 2-67 T1-1-198
. 8 47 +55 5-67 TI-2-98
' 55
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The test setup for the cartridge test firings is shown in Figure 29, The basic test setup included the
starter, the universal stavter test stand, and a 25-ft3 envilonmental chamber that was utilized to
temperature condition the starter and its solid propellant cartridge prior to testing at the -65 and
+1600F test conditions.

The starter was instrumented as shown in Figure 29. Two pressures were measured with
temperature compensated strain gauge type transducers, the breech pressure Pe, and the exhaust
duct pressure Pex. Five temperatures were monitored with chromel/alumel thermocouples; the
temperature of the solid propellant gas in the breech, T, the exhaust gas temperature immediately
downstream of the starter exhaust flange Tcy, and three external starter skin temperatures Ty, Ty,
and Tm. Tb is the temperature of the breech base at a point near the manifold joint that connects
the breech to the turbine hot gas nozeles. Ty is the temperature of the cartridge breech cap. and
Tm is the temperature of the starter manifold immediately adjacent to_the hot gas nozzle blozk just
upstream of the {urbine wheel,

The universal starter test stand wus equipped with a magnetic pickup on the flywheel for
moenitoring flywheel speed. The pulsing signal from the magnet was converted to an analog voltage
output, and a panel meter was available for monitoring flywheel speed, Rocket Reseuatch
Corporation recorded the unalog signei (N) remotely on a amp chart recorder to obtain permanent
recordings of flywheel speed versus time. '

. As noted, the operational temperature range for the universal starter test stand was listed in the

T.O. as +40 to +1309F, Since it was required to operate the cartridge starter at. temperature
extremés considerably beyond these limits (ie., -65 and +1609F), the tests were conducted by
removing the starter-from the universal -test stand and temperature conditioning the starter and the
solid propellant cartridge in a remote envitonments! chamber prior to conducting the test.

The breech cap was removed from the starter, The starter, breech cap, and solid propellant cartridge
were then installed in the environmental chamber. Thermocouples were attached to these three
components, and the temperature of the environmental chamber was adjusted to the desired test
level. The component thermocouples were then monitored. The components remained in the
environmental chamber for at least 4 hours subsequent to indicated temperature stabilization at the
required soak temperature,

The starter was then removed from the environmental chamber and installed on the test pad of the
universdl test stand, This operation involved moving the starter approximately 6 feet from the
environmental chamber to the test stand, fistalling a Marmon clamp at the starter/stand mounting
pad, installing a Marmon clamp uat the sturter/exhaust duct joint. attaching the P transducer, and

c.onne,ctmg three thormocouplc plugs T¢, Th, dnd Tm. This operation took dpproxnmately 2103
minutes. N

The solid propellant cartridge was then instalied in the starter breech cap, and the resultant

assembly was removed from the environmental chamber and installed on the starter breech base.
The ignitor power and breech wall thermocouple (Tw) plugs were connected, and the starter was

operated within the next 60 to 90 seconds.
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The starter turbine whee! was cleaned atter cach starter operating cycle by blowing a mixture of
compressed air and hot water through the pneumatic air supply inlet fitting on the starter, followed
by oven drying.

The effectiveness of this cleaning technique was apparently adequate since the test results of the
eighth starter firing were in excellent agreement with the first starter firing, and both of these tests
were conducted at an ambient soak temperature of +55°F,

3.3.2 Test Results

The\_primury starter performance data of interest from the cartridge firings was ‘ne terininal speed
of the starter output shaft (flywheel speed), the time required to reach terminal speed, and the
mannex in which these parameters varied with ambient soak temperature. These test results are
plotted ta Figure 30..

Referring to Figure 30, it is noted that the time to terminal speed increased as the ambient
temperature decreased, Tms trend and the times involved were consistent with the antlupatud test
results.
\.

The trend of increasing tummal speed with duucasm;, ambncnt temperature was directly opposite
to the anticipated test results, :

It is interesting to compare the test results at +559F (Sequences 1, 2, 3,and 8) with the accept/reject
criteria from the universal starter stand T.0., Figure 27, Sequmu,s 1, 2, and 8 are acceptable;
Sequence 3 indicates substandard starter porformance.

Figures 31 through 33 are overlay iracings of the flywheel time/speed and breech pressure versus
time recordings for typical test rups from the “cartridge mode” baseline test series at temperatures
of +55, +160, ard -659F respectively. Euch figure also includes the total value of the breech
pressure, time integ: 4 from ignition to burnout, and the average value of the breech pressure from
ignition to the time to terminal speed.

Figure 34 is an overlay tracing of the major parameters recorded during test Sequence 2 (run 41 at
ambient soak conditions). Figure 34 shows the relationship between breech pressure (Pe), starter
speed (N), gas temperature in the breech (Tg), turvine exhaust gas temperature (Tex), and the
turbine exhaust duct static pressure (Pex) durin, a typical cartridge mode starter operating
sequence. "

The peak gas temperature (T¢) measured in the cdrtridge brecch during run 41 was 1,887°F; the
maximum gas temperature noted during the ecight run test series was 2,2229F (run 44) at an
ambient soak temperature of +160°F. ,

The peak exhaust gos temperature (Tex) as measured during run 41 was 905017 . It is noted that the
peak occurs relatively early in the start sequence, then the exhaust gas temperature drops. This
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‘ characteristic is‘attrihutcd to increased power extraction from the exhaust gas as the turbine
! i efficiency increases during the later portion of the flywheel spin-up. The maximum exhaust gas
1 temperature measured during the eight run test series was 1,480°F (run 44) at an ambient soak
A ] temperature of +160°F,

A The static pressure in the exhaust duct (Pex) peaked at 0.72 psig during run 41, The exhaust duct

?‘ pressure was typically noted in the 0.7- to 1.0-psig range for all starter tests.

f

3.3.3 Discussion of Test Results

. As noted in the previous section, the maximum flywheel terminal speeds were recorded at -65OF

test conditions. A review of the test data reveals no particular correlation between terminal flywheel 1
speed and either the average value of the breech pressure (Pe) or the time integral of breech pressure
([Pcd@).

As shown in Figure 35, there is a definite trend toward decreasing average chamber pressure,
terminal flywheel speed, and the pressure time integral when these parameters are nondimension-
alized and plotted against ambient soak temperature. It is concluded that the terminal speed of the
: ‘ STU13/A34 starter, as tested, is strongly influenced by the operation of the pressure relief valve
that is lovated between the starter breech and the starter turbine nozzle block. It appears that this
, - valve bypasses ever increasing amounts of breech gas around the turbine nozzle block as the ambient
b 4 ,, soak temperature (prior to starter operation) is increased,

p

i B 1 Starter operation in the “cartridge-mode” resulted in the formation of a large cloud of black smoke.

i ; Figures 36 and 37 arc sequential photographs of the smoke cloud taken approximately 2 seconds

3 N : and 10 scconds, respectively, after starter initiation during run 43 (Sequence 3). The exhaust duct is
Lok 10 inches in diameter, discharging vertically-up.

After the completion of all scheduled Phase Il testing, RRC conducted a 12 run “‘cartridge-mode”
starter firing test series at ambient soak temperature conditions to allow AFRPL personnel to
sample the starter exhaust products for exhaust gas composition analysis.

Specific details of this test series and the results of the exhaust gas znalysis are the subject of an
official seport prepared and distributed separately by the AFRPL organization.

For the purpose of this report, the 12 run test series provides additional test data on the oparafing
characteristics of the STU13/A34 starter in the cartridge mode at ambient soak temperature
conditions.

In gross terms, the 12 run AFRPL test series resulted in ambient temperature “‘cartridge-mode”
starter performance that was consistent with the results obtained during RRC's previous baseline o
starter test series,

It should be noted that the AFRPL test series was conducied with the same cartridge starter that
had been used to accumuiate eight baseline “cartridge-mcde™ firings and 32 hydrazine-fueled starter
operating cycles. '
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The cartridges used during the AFRPL tests were as follows:

a.  Runs 90 through 93, Olin, Lot OL-10-237, manufactured May 1967
b.  Runs 94 through 97, Olin, Lot OL-13-46, manufactured September 1973
¢.  Runs 98 through 101, Talley, Lot TI-2-98, manufactured May 1967

Typical starter performance with each of the above solid propellant cartridge lots is summarized in
Figures 38 through 40. The Talley cartridges resulted in an average terminal starter speed that
was slightly higher than the Olin cartridge (2,918 versus 3,033 rpm). Additionally, it was noted that
the Talley cartridge produced more smoke in the exhaust than either of the Olin cartridge lots. The

September 1973 lot of Olin cartridges appeared to be the least smoky of the three cartridge lots
fired.

3.4 HYDRAZINE STARTER TESTING

This section describes the flight concept version of the gas generator, its installation into the breech
buse of the STUI13/A34 starter, and the test program that was subsequently conducted to
characterize the operation of the hydrazine fueled starter.

3.4.1 Gas Generator Design

Figures 41 through 44 are phiotographs of the flight concept type gas generator that was fabricated
for evaluation on the current program.

Figure 44 is a photograph of the flight concept gas generator assembly taken prior to the final
assembly of the unit. The figure shows the “as received” configuration after oven brazing. All braze
joints were made during one oven braze cycle, i.e., the eight individual cups were brazed to the
baseplate, eight penetrating injector tubes were brazed into the eight cups, and the 16 joints on the
eight fuel manifolding tubes were all brazed simultaneously and successfully without special tooling

or fixturing, The material of all component parts was 347 series stainless steel. The braze material
was Palniro 1.

Figure 42 is the back side of the flight concept gas generator assembly shown in Figure 41. The fuel
inlet stub js located on the axis of symmetry. The eight holes noted at mid-span in the baseplate are
the pilot mounting holes for the cups.

Figure'43 is a photograph of the unit after the catalyst was loaded into the eight gas genevating
elements (cups). The catalyst bed and catalyst retaining bedplates have been installed, and the
closure plug has been welded into the fuel manifold cavity.

Figure 44 shows the unit completely assembled with the central and peripheral heat shields
installed. The central heat shield is a slotted, inverted can structure that protects the individual fuel
manifolding tubes from the direct impingement of the hot gas generated from the eight gas
generating elements. The peripheral heat shield is a cylindrical shell that reduces the heat load into
the starter breech shell immediately opposite each of the eight cups.
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The flight concept type gas generator assembly was adapted to the breech base of the STU13/A34
cartridge starter as shown in Figures 45 through 48.

Figure 45 is a photograph of the STUI13/A34 cartridge starter, flight concept gas generator and
the gas generavor installation adapters prior to assembly. Left to right are the starter with its breech
cap rerroved to thow the breech base, the eight-cup flight concept gas generator, a sealing adapter,
and the breech lock propellant valve adapter.

Figure 46 shows the flight concept ras generator installed in the starter breech base. The coiled
wire and plug on the fuel inlet side of the gas generator is a thermocouple that is used to monitor
the temperature of the mjector stem of the gas generator during test.

Figure 47 shows the sealing adapter installed on top of the gas generator. The seal plate has two
face seals (O-rings) thau seat on the fuel inlet side of the flight concept gas generator, additionally,
two peripheral seals (O-rings) scat on the 1.D. bore of the breech base. The eight tapped holes near
the maximum diametral surface of the sealing adapter are used to insert one or more bolts to allow
seal adapter removal for access to the flight concept gas generator.

Figure 48 shows the final step in the installation process for the flight concept gas generator. The
breech locking adopter plave interfaces with the starter breech through three lugs. The locking
adapter is installed on top of the sealing adapter and rotated into the breech lug feature (a handle is
provided to rotste the locking adapter against the compression drag of the sealing adapter face
seals), a set screw is provided to prevent the locking plate from rotating during starter testing. The
locking plate includes mounting provisions for the propellant valve which adapts to the fuel inlet
stub on the flight concept gus generator through an O-ring sealed bayonet-type fitting,

The sealing adapter, brecch locking adapter, and the propellant valve are required for breadboard
starter testing and would not be used in the flight concept “in-breech” flight system,

3.4.2 Hydrazine Starter Fuel Consumption and Limited Life Demonstration
The eight cup, flight concept gas generator was installed in the breech base of the Sundstrand
STU13/A34 starter as discussed in paragranh 3.4.1 and tested in conjunction with the breadbourd

fuel supply system (paragraph 3 1) and the government-furnished universal test stand, as described
in this subsection. .

Fuel consumption testing and the requirement to demonstrate 4 limited life capability of the flight

concept gas generator were combined in the 32 full power hydrazine fueled starter tests described
herein,

34.2.1 Hydrazine Starter Test Setup

Figure 49 is a photograph of the hydrazine fueled starter installation on run pad of the universal
starter test stand.
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The flight concept gas generator is installed in the breech base of the STU13/A34 cartridge starter.
Fuel is supplied to the gas generator from the breadboard fuel supply subsystem through the steel
braid covered flex hose that can be seen passing behind and under the “C” shaped exhaust duct that
is attached to the fan cover on the starter,

The large stainless tank and pressure gauge in the left hand portion of Figure 49 are part of the
exhaust gas sampling apparatus (gas sampling is discussed in subscction 3.4.3 of this report). Three
pressure (ransducers can be seen; the transducer at the 10 o’clock position (relative to the starter
breech at 6 o’clock) is used to monitor the starter exhaust duct pressure Pex. The transducer at the
4 o’clock position measures the pressure in the breech (Pg), and the transducer at the 7 o’clock
position is used to monitor the fuel pressure immediately upstrea o of the fuel inlet stub on the
flight concept gas generator.

Figure 50 is a sketch of the hydrazine fueled starter test setup. Major elements of the setup include
the flight concept gas generator/starter assembly, the universal starter test stand, and the
breadboard fuel supply subsystem.

For temperature-conditioned starter runs at -65 and +160°F soak conditions, the starter was
removed from the test pad on the universal starter test stand and placed in the environmental test
chamber. The flight concept gas generator was then removed from the starter breech but remained
in the environmental test chamber with its fuel supply flex hose connected to the breadboard fuel
supply. The flex hose was charged with fuel up to the propellant valve. The breadboard fuel supply,
starter, and the flight concept gas generator were maintained at the required test temperature for at
least 4 hours after Ti, Ty, and TTK uniformly indicated that the required souk temperature had
been reached. The starter was then removed from the environmental test chamber and installed on
the test pad of the universul starter test stund (two marmon clamp joints) and the instrument leads
connected. The gas generator assembly was then removed from the environmental test chamber and
installed in the starter breech, Pj and Tj instrument plugs were connected, and the starter was
operated within the next 60 to 90 seconds.

3.4.2.2 Instrumentation

All temperatures and pressures were monitored with chromel alumel thermocouples and
temperature-compensated strain gauge type transducers respectively. The output from these devices
was continuously recorded with strip chart and/or oscillograph recorders as summarized in Table 9.

3.4.2.3 Test Procedure

Prior to conducting each start sequence, the fuel tank in the breadboard fuel supply subsystem was
filled with the hydrazine-bused fuel mix, and the fuel level and fuel temperature in the
unpressurized fuel tank were recorded.

The breadboard fuel supply subsystem and the flight concept gas generator/starter assembly were
then temperature conditioned (for -GS and +160°F firings only) as/if required.
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Table 9
HYDRAZINE FUELED STARTER INSTRUMENTATION
Record on
» t .
Symbol Parameter Range E lt:r:?t Orciflograph
P Breech pressure 0 to 1,500 psig X X
Te Breech temperature 0 to 2,2500F X
Tj Injector stem temperature -65 to +4759F X
Pi Injector pressure 0 to 1,500 psig X X
PTK Fuel tank pressure 0 to 1,500 psig X
Pt Fuel line pressure 0 to 1,500 psig X X
TTK Fuel tank temperature -65 to +160°F X
Ty Fuel line temperature -G5 to +1609F X
Te Environmental chbr temp -65 to +160°F X
Pex Starter exhaust pressure 0 to 15 psig X
Tex Storter exhaust temperature 0 to 905°F X
N Starter speed 0 to 5,000 rpm X X
VE & V1 | Prop valve voltage/current 0 to 1 inch deflect X
Wi Fuel flow rate 0 to 0.5 lbm/sec X
Tm Starter manifold temperature 0 to 475°F X

The hydrazine-fueled starter assembly was then installed on the test pad of the universal starter test
stand. The exhaust system and all instrumentation leads were connected, and the unit was ready for
test.

The fuel tank was pressurized to the required start pressure (typically 20 to 100 psig). The dome
loading regulator in the pressurization ramp generator was set to the required run pressure
(nominally 1,250 psig).

The instrumentation recorders were started, and the hydrazine-fueled starter was operated by
simultaneously opening the propellant valve (EV?7) and the solenoid valve (EV1() in the
pressurization ramp generator,

As a general rule, the firing was terminated when the starter (flywheel) speed reached 2
predetermined value. The firing was terminated by closing the propcllant controi valve. EV). The
maximum terminal speed of particular interest was the average value of the test results obtained (at
the applicable operating temperature) during the baseline “cartridge-mode” starter performance
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tests (see Figure 30, paragraph 3.3). The nominal terminal speeds were 3,070 rpm at -659F, 2,950
rpm at +55°F, and 2,790 rpm at +160°F.

The flywheel was allowed to spin<down to approximately 2,000 rpm after cach starter operating
cycle, and then the flywheel brake was applied.

The fuel tank was vented and allowed to temperature soak back to local ambient temperature, The
post-test fuel level and fuel temperature were then recorded, and the total fuel consumption/start
cycle was calculated using the sightglass data and the known density of the fuel mix.

3.4.2.4 Test Results

Thirty-two full-power hydrazine starter operating cycles were conducted, 20 at ambient soak
temperature conditions, 7 at -659F, and 5 at +160°F. Table 10 is a summary of the 32-run test
series, All tests conducted were totally successful.

Figures 51, 52, and 53 are representative tracings of the breech pressure and starter output shaft
speed versus run time for starter operating cycles at -65, ambient, and +1609F soak conditions
with the TSF-2 fuel blend. Each figure denotes the run number, pretest soak temperature, the
time-averaged value of the starter breech pressure Pg, and the total value of the breech pressure-time
integral from the first indication of pressure to shutdown (maximum flywheel speed).

Figure 54 is an overlay tracing of the mdjor parameters recorded during a typical hydrazine-tfueled
starter test (run 62 at ambient soak conditions). Figure 54 shows the relationship between breech
pressure (Pg), starter speed (N), gas temperature in the breech (T¢), turbine exhaust temperature
(Tex), and the static pressure in the starter exhaust duct.

The peak gas temperature (T¢) measured in the cartridge breech during run 62 was 1,5800F. (Peak
gas temperatures with TSF-1 fuel mix were noted to be in the 1,600 * S0OF range over the entire

-65 to +1609F operating regime, Peak gas temperatures with the TSF-2 mix were in the 1,700 +
259F range.)

The peak exhaust gas temperature (Tex) measured during run 62 was 8959F, (Peak exhaust gas
temperatures with the TSF-1 fuel mix were noted to be in the 900 + 509F range over the entire -65
to +1600F operating regime, Peak exhaust gas temperatures with the TSF-2 fuel mix were in the
950 £ S09F range.) The shape of the exhaust temperature versus time curve is similar to that noted
during the baseline starter operation in the “cartridge-mode,” indicating increased power extraction
from the working fluid during the later portion of the starter spin-up.

3.4.24.1 Starter Fuel Consumption Testing

The net volume available within the flight concept preliminary design breech envelope (RRC
drawing SK 5585, Rev. A) for the fuel cartridge and the pressurization subsystem is on the order of
225 in.3. During the Phase I preliminary design studies, it was estimated that the worst-case fuel
consumption (-659F start) would require 6.86 lbm of TSF-1 fuel. The space required to package
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ﬁ I8 Table 10
SR TEST SUMMARY
. HYDRAZINE FUELED STARTER TEST PROGRAM
o o Type of Test Fuel Mix
| f I;RC Ag\biint o - t
H un 0a e X naus
| {' No. Temp Life Gas- Persf(t)z:-::::;)ce TSF-1 | TSF-2
r { Demo Sampling
1 3 49 Amb X X X
! gg’ 50 Amb X X X !
b Sl Amb X X X
1 E' 52 Amb X X X
53 Amb X X X
3 54 -65OF X X X
§ 55 Amb X X X
' : 56 Amb X X X
E * 57 Amb X X X
{ 1 58 Amb X X X
e 59 Amb X X X
) | ‘ 60 Amb X X X
] ol Amb X X X X
! 62 Amb X X X X
5 : 63 Amb X X X X
; ‘ 04 Amb X X X X
i 66 -650F X X X X )
! 74 Amb X X X X
‘i | 75 Amb X X X X
, 76 +1609F X X X X
} 77 | +1600F X X X X
j 78 -650F X X X X :
\ 79 Anmb X X X X *
g 80 -659F X X X X ‘;
82 Amb X X X :
i M 83 Amb X X X
s 84 -GSOF X X X
85 -650F X X X i
86 -659F X X X !
87 +1600F X X X ;
88 +1609F X X X 3
89 +1600F X X X §
.
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* ‘ ¥ this quantity of fuel would be 181 in.3 at the minimum fuel density condition, which oceurs at the

. +160OF soak temperature. The remaining 44 in.3 of breech volume would then be available for the
: £ hot gas pressurization subsystem that would be used to pressurize and expel the fuel from the fuel
; ‘ cartridge. -
.

PR
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Hydrazine starter fue! consumption testing was subsequently conducted with both candidate fuel
mixes (TSF-1 and TSF-2) over the required operating temperature extremes of -65 to +1609F. The
results from these tests are summarized in Table 11 and discussed below.

W e

+ o aven 22

3.4.2.4.1.1 TSF-1 Fuel Consumption

The first hydrazine-fueled starter test, run 49, required 7.86 Ibm of ftuel to duplicate the
“cartridge-mode” starter performance at ambient temperature soak conditions. Run 49 chamber
pressure data indicated that the starter relief valve had opened during the test, bypassing a portion
of the hot gas around the turbine nozzles, effectively increasing the fuel consumption above tiu
minimum obtainable value. The starter relief valve spring pressure was increased to prevent the valve

from opening, and the test was repeated. The fuel consumption was reduced from 7.86 to 7.38 thm
(run 50).

et ———
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Runs 51 and 52 were conducted at fuel supply pressures 100 psi lower and higher than the nominal
value of 1,250 psi to determine the probable optimum operating pressure requirement. Both tests
resulted in higher fuel consumption that that of run 50. Within the accuracy of the test results, it
) ‘ appears that 1,250 psi is near optimum for the fuel supply pressure at ambient test conditions.

Run 53 was a repeat of run 50 to gain insight into the repeatability of starter performance and fuel

‘ consumption at ambient test conditions. Fuel consumption repeatability between runs 50 and 53
‘. was within 2,7 percent.

Run 54 was the first hydrazine-fueled starter test at -65°F soak conditions. The pressure drop
through the breadboard fuel supply system was found to be excessive, resulting in a low value of
breech gas pressure (Pe). A fuel consumption of 8.69 Ibm was noted.

JIY SO,

After run S5, the starter relief valve was further modified in an attempt to reduce fucl consumption.
During starter overhaul, the starter relief valve is adjusted in such a way as to keep the valve pintle
from seating (*0.005- to 0.007-inch gap) at ambient temperature. The relief valve was subsequently
g modified to assure that the pintle did seat to prevent any loss of breech gas.

[N I -

The average fuel consumption during the next 10 ambient temperature starter tests was 7.30
lbm/start. Fuel consumption at -65°9F (runs 54 and 66) averaged 8.69 lbm, and +1609F fugl
consumption averaged 6.64 lbm (runs 66 and 67).

The fuel consumption of 8.69 Ibm as measured during the -659F tests (runs 54 and 66) was thought
to be greater than the minimal obtainable value due to operating the gas generator at a low pressure
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‘&f Table 11
» t HYDRAZINE STARTER FUEL CONSUMPTION SUMMARY
‘ 1 2 3 4 5 6 7 8
_" t Max Time to Total Max Speed | Time Net Fuel
? . Run | Flywheel Max Test Fuel (Cartridge to Consumption to
1 i No. | Speed Flywheel | Condition | Consumed Mode) Ne Flywheel Speed
| ‘1 % (rpm) | Speed (sec) (Ibin) Ne(h) (sec) N¢ (Ibm)
§ L.
| g 49 1 3090 19.9 Amb 8.93 2,960 17.5 7.86
1‘ 50 3.100 18.5 Amb 7.98 2,960 17.4 7.38
| 3 s1 ] 3000 19.0 Amb 8.06 2960 | 186 7.90
! ‘ 1 521 2980 16.0 Amb 7.78 2960 15.75 7.74
| ¢ ‘ 53| 3020 17.2 Amb 7.78 2,960 16.8 7.58
-' 3 54 3,120 228 -0SOF 8.89 3,070 220 8.69
. 3 $S | 3010 17.0 Amb 7.62 2,960 1.8 7.54
; k: 56 3,040 17.7 Amb 7.90 2,960 17.2 7.60
: ¥ 57 3030 16.8 Amb 7.62 2,960 16.3 7.38
Z 3 58 3.040 16.9 Amb 746 2,960 16.5 7.27
«, 2 59 | 3020 17.0 Amb 7.40 2,960 16.7 7.30
| 60 3.050 17.4 Amb 7.62 2.960 16.6 7.27
‘ 61 No fuel consumption data
I 02 3.000 18.C Amb 7.30 2,960 17.1 6.91
b S 63 | 3.000 17.5 Amb 7.70 2,960 17.0 7.46
- i o4 3,020 17.7 Amb 7.602 2,960 17.2 7.38
i . 60 3,150 4.0 -65OF 9.0 3,070 230 8.69
'; 74 | 3020 18.7 Amb 8.57 2960 18.2 8.34(2)
' 75 3.000 16.6 Amb 7.38 2,960 16.2 7.19
K 70 | 3040 16.7 +1600F 7.02 2,770 14.7 6.71
! 77 2980 16.3 +1060VF 7.30 2,770 14.7 6.59
| 78 | 3050 17.4 65OF 7.98 3,070 17.6 8.06
' : 79 3.030 16.8 Amb 7.40 2960 16.2 7.19
§ 80 | 3,140 18.3 ©SOF 8.22 3,070 17.7 7.94
o L TSE-1 fuel mix ——-1
| ———— TSE-2 fuel miix ——)
82 3,000 17.0 Amb 702 2.960 16.8 69§
83 3.020 16.5 Amb 695 2960 16.0 0.71 ,
84 3.160 19.0 -65VF 7.90 3,070 18.3 7.62 )
85 3070 20.5 -65OF 893 3.070 20.5 8.93(2)
86 3070 17.0 -O5OF 7.78 3,070 17.0 7.78 §
87 3,020 158 +1609F 0.79 2,770 14.0 592 :
88 No fuel consumption data (3)
89 [ 3.050 18.0 +1600F l 2,770 l 14.1 )
!
Nates: i
(Ncartridge mode performance from Figure x-xx, paragraph x.x.X.X ¥
(Dstarter performance anomaly - flywheel acceleration rate fow ‘
(3)Test valve failure - propellant control valve did not close ]x
L
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(P¢) because of the excess pressure drop in the breadboard fuel supply system. The -65°F fuel
consumption tests were repeated (runs 78 and 80) with higher fuel supply pressure to verity this
assumption. The fuel consumed at -65°F decreased as expected to an average value of 8.0 Ibm/start,

3.4.2.4.1.2 TSF-2 Fuel Consumption Testing

The worst-case fuel consumption per start cycle with the more energetic fuel mix TSF-2 at -650F
soak conditions was determined to be 7.7 Ibm (runs 84 and 806), a reduction of approximately 3.7
percent as compared to the TSF-1 fuel consumption,

3.4.2.4.2 Discussion of Test Results

The fuel consumption test results are plotted in Figure 55. Referring to Figure 55, the average
fuel consumption per start cycle for both fuel mixes has beea plotted in terms of fuel volume
required per start cycle as a4 function of ambient soak temperature prior to starter operation.

The least energetic fuel mix (TSF-1), requires 192.5 in.3 of fuel at the worst-casc fuel consumption
condition of -659F. Fuel density change with ambient temperature excursions would require a
minimum fuel cartridge volume of 211 in.3 to accommodate fuel expansion at the upper operating
temperature limit of +160OF (dashed line). It should be noted that there is considerable excess fuel
available at all temperatures above the -65°F soak condition.

The most energetic candidate fuel mix, TSF-2, requires 185.5 in.3 of fuel at the -65F start
condition and a minimum of 203 in.3 of fuel cartridge volume to accommodate the fuel expansion
at +160°9F operating conditions.

Thus even with the most energetic fuel mix (TSF-2), the total fuel required to provide equivalent
“cartridge-mode” starter performance at -65°F test conditions (203 in.3) could not be packaged
within the 181 in.3 volume allotted to the fuel cartridge in the flight concept preliminary design of
RRC drawing SK 5585, Rev. A. Therefore, it was decided at this time that a new flight concept

configuration would be required to provide the additional necessary volume for the TSF-2
hydrazine mix.

Two alternate design solutions were available to provide the additional fucl cartridge space in the
flight concept design.

a. Redesign the hydrazine-fueled pressurization subsystem to reduce its volume by
(203-181) 22 in.3,

b. Or revise the pressurization subsystem to a more compact, solid propellant-fueled
subsystem,

The second approach was felt to be the most practical approach and is discussed in detail in
sragraph 3.5.
3.4.2.5 Limited Life Demonstration

There was a contractual requirement to demonstrate 2 limited life capability for the flight concept
gas generator of 20 full-power starter operating cycles. The 20-cycle limited life demonstration was
to include at least two cycles at each of the temperature extremes of -65 and +160°F.,
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Thirty-two full-power gas generator operating cycles were demonstrated; 7 at -65, 5 at +160, and 20
at ambient temperature. No detectable degradation in the performance of the unit was noted.
3.4.3 Exhaust Gas Sampling and Analysis

The exhaust gas from the hydrazine-fueled starter was sampled, near the turbine exit plane, at -65,
ambient, and +1609F soak conditions and analyzed for nitrous oxides, unreacted fuel, and percent
by volume of ammonia and water during starter operation with the TSF-1 fuel mix.

Neither nitrous oxides nor unreacted fuel were detected above the experimental threshold level of
0.1 parts per million. The time-averaged exhaust gas composition includes nitrogen, hydrogen,
ammonia, and water as described by the following reaction equation:

N2H4 +0.118 N2HsNO3 + 0.563 H)O — x (1.941) H2

+ 0917 H20A+ (0.646X + 0.531) N2+ (1-X)(1.294) NH3

where X is a factor that accounts for the amount of ammonia dissociated into nitrogen and
hydregen.

The tine-averaged value of X as determined by the exhaust gas analysis at -65, ambient, and
+160°F souak conditions is as follows:

X = 0.338 at -659F
X = 0.518 at ambient
X = 0.583 at+1600F

The time-averaged value of the ammonia dissociation factor can be used with the foregoing reaction
equation (o determine the average starter exhaust gas composition during starter operation, as
shown in Figure 56.

3.4.3.1 Gas Sampling Apparatus

A sketch of the hydrazine-fueled starter exhaust gas sampling apparatus is shown in Figure 57.
The exhaust gas was extracted from the starter exhaust duct through a 3/8-inch stainless steel Pitot
tube located approximately 2 inches downstream of the starter turbine wheel. The exhaust gas
samples were collected in two stainless steel sample cylinders. A 75-cc cylinder was used to sample
for nitrous oxides and unreacted fuel, and a 13.9-liter cylinder was used to collect a large gas sample
for, composition analysis. The sample cylinders were evacuated with a small mechanical vacuum
puip prior io each sampiing test. Exhaust gas flow into the sample cylinders was effected by
energizing a normally closed electric solenoid valve.

The Pitot tube (external to the exhaust pipe) sample valve and the hand valves on the sample inlet
side of both sample cylinders were heated electrically to at least 2000F prior to operating the
starter to prevent condensation of water and/or ammonia upstream of the sample cylinders. The gas
sample pressure (Pg) and temperature (Ts) were monitored and recorded continuously.
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3.4.3.2 Gas Sampling Procedure

Prior to cach gas sampiing test, the sample cylinders were flushed with distilled water, rinsed with
isopropyl alcohol, evacuated, and oven dried at 1009C. The sample cylinders were then installed as
shown in Figure 57. Hand valves (HV-1, HV-2, HV-3, HV-4) were opened, and the cylinders were
evacuated with the vacuwm pump. The clectric heater was energized and operated continuously
until a temperature of at least 2009 was noted on the body of the sample valve. Hand valves HV-3
and HV4 were then shut, and the pressure in the sample cylinders (Pg) was monitored to assure that
there were no leaks in the sample system.

The starter was then installed, and the firing countdown was initiated. The sample valve was opened
0.2 to 0.4 sccond after the main fuel control valve was energized to initiate the starter spin-up. The
sample valve was closed when the starter speed reached a value of approximately 50 rpm below the
maximum programmed value,

Sample pressure and teniperature (Pg and Tg) were then noted, and the sample cylinders were
isolated by closing hand valves HV-1 and HV-2, The 75-cc sample cylinder was then removed and
routed to the chiemical laboratory for immediate analysis for nitrous oxides and unreacted fuel. The
13.9-fiter sumple cylinder was subsequently removed and routed to the chemical laboratory for
exhaust gas composition analysis. The final pressure in the sample cylinders was ty pically noted to
be slightly subambient (12 to 14 psia). Sample temperature (Ty) typically peaked at 10 to 159F
above local ambient temperature.

3.4.3.3 Gas Analysis Technique

The analysis techniques for the hydrazine-fueled starter exhaust gas sampling task are presented and
discussed as follows.

3.4.3.3.1 Analysis for Gas Composition

The theoretical exhaust gas composition for the catalytic decomposition of the TSF-1 fuel mix are
nitrogen, hydrogen, ammonia, and water in quantites related to the degree of completion of the
endothermic dissociation of ammonia per the following reaction equation.

N2H4 + 0.118 N2HSNO3 + 0.563 H20 == (X) (1.941) H?

+(0.917) H20 + (1 - X) (1.294) NH3 + (0.646X + 0.531) N2
where (X) is the fraction of ammonia dissociated.
in the absence of any secondary reactions which may form nitric oxides and in the absence of any
unreacted fuel in the exhaust products, the ammonia dissociation factor “X” may be determined

from the ratio of the weights of water and ammonia present in a given sample of the exhdust
products using the following relationship derived from the reaction evaluation,
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The ammonia dissociation factor (X) was determined experimentally with the apparatus shown in
Figure 58. Referring to Figure S8, the 13.9-liter gas sample cylinder was installed in an oven and
heated to 100°C. Heating raised the gas pressure above local ambient and assured that the water and
ammonia constituents in the gas sample were in the gascous phase,

The hot gas sample was then allowed to flow slowly through the test apparatus, Water was removed
from the gas sample in the first flask, which contained hygroscopic Ascarite (NAOH on alumina
carrier), The water free gas sample then passed into the second flask where the ammonia was
absorbed in a H2804 solution.

The weight of water collected was determined by weighing the Ascarite flask before and after. The

amount of ammonia collected in the second flask was determined by back titrating the contents of
the second flask.

3.4.3.3.2 Analysis for NOx and Unreacted Fuel

The 75-cc sample cylinder was pressurized to approximately 30 psig with gaseous helium, and the

resultant exhaust gas/helium mixture was analyzed for NOx and unreacted fuel by colormetric
techniques.

The principle of the method used for NOy analysis is the diazotization of sulfanilic acid which
couples with N-(1-napthy!) ethylene diamine to form a stable red dye. The method will measure
nitric oxide if sufficient air is admitted to convert all nitric oxide to nitrogen dioxide.

The method involved the preparation of a 200-mi reagent solution containing 188 ml of sulfanilic
acid sofution*, 4 mi of the N (1-napthyl) ethylene diamine dihydrochloride soiution**, and water.

Twenty ml of the reagent solution was drawn into an all-glass syringe. A 22-gauge needle was
attached, the syringe was inverted, and entrapped air was forced out of the syringe. With the syringe
inverted, the needle was inserted through a septum on the sample cylinder and 80 ml of gas was
allowed to enter the syringe. The needle was removed from the septum, and the pressure in the
syringe was allowed to equalize with ambient pressure while maintaining the 80-ml gas volume.
Twenty ml of ambient air were then drawn into the syringe and the needle was capped. The syringe
was then shaken intermittently for 20 minutes. After rinsing a l-cm pyrex cell with the reagent
solution, the absorbance of the syringe sample was measured at 550 ym using a Hitachi-Perkin-

Elmer double-beam spectrophotometer, using a reagent blank as reference.

*10 grams sulfanilic acid dissolved in 800 il distilled water plug 140 ml glacial acetic acid.
*%(.2 gram N (1-napthyl) ethylens diamine dihydrochloride in 100 mi distilled water,
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| “¥42.03 grams dry sodiym nitrite diluted to 1 liter with dis_tiilbd vator,

NOy determination was quantitized by comparing the results with calibration curves prepared from
1, 2, and 3 ml of g4 standard sodium nitrite solution*** mixed in 100-m! volumetric flasks with
20-ml reagent solution and filled to the mark with distilled water, yielding absorbance equivalent to
50, 100, and 150 ppm NO? in the 80-m] gas sample.

The analysis for unreacted fuel was als : ’ tric tee
paradimethy] aminobenzadehyde,

¢, adding 80 ml of the
ninutes. The liquid from the
syringe was then injected into a 25-ml flask and filled to the mark with 1.0M HC). The absorbance
was measured at 458 um and the quantity of NaoHq was determine

d from reference calibration
curves.

3.44 Exhaust Gas Composition — TSF-2

As noted, the foregoing exhaust ga

$ sampling and analysis was conducted during starter operation
with the TSF-1 fuel blend.

exhaust gas composition for the TSF-2 fuel blend can be estimated with a high confidence level per
th(e following.

Since there is very litile difference in the composition of the TSF-1 and TSF-2 fuel blends, the

The reaction equation for the TSF-2 fuel blend is:

N2H4 + 0.145 N2HsNO3 + 0.521 H20 — (] - X) (1.285) NH3
+ X(1.928) Hy + (0.642X + 0.575) N2 + 0.956 Hy0

where X is the ammonia dissociation factor.

The experimentally determineq Values for the dverage ammonia dissociation factor based on
time-averaged gag temperature measuremonts taken during starter testing with TSF-2 fuel are:

0.367 at «650F
8.556 at ambicnt

. \

S
T

o X = 0.643 at +1609F

Ty
. Ve

Thus, .thlél'avcrage composition of the TSE-2 fueled starter oxhaust products can be estimated by

- substituting the gverge 4mmonia dissociation facrors above in'the reaction equation for the TSF-2

fuel mix, "
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The time-averaged value and the steady-state value of the ammonia dissociation factor are

summarized in Figure 59 for starter operation with TSF-1 and T8F-2 fuel mixes, as a function of

ambient soak temperature. Figure 60 depicts the thermochemical reaction temperature for both
fuel blends as a function of the instantancous ammonia dissociation factor,

3.5 PRESSURIZATION SUBSYSTEM TESTING

The initial flight concept versions of the hydrazine-fueled starter -- RRC drawing SK 5585 and RRC
drawing SK' 5585, Rev. A -- cavisioned hot gas pressurization of the fuel cartridge/breech ullage
using a pressure-regulated, hydrazine-fueled, gas generating subsystem,

Phase 11 hydrazine starter fuel consumption testing subsequently eliminated the hydrazine~fueled
pressurization subsystem as a viable candidate for the staster application because of the req virement

for increasing the quantity of fuel that would have to be stored in the breech envelope to dupin, ite
the “cartridge-mode” starter performance.

The final flight concept version of the hydrazine-fueled starter, RRC drawing SK 8762, Rev. A, is
configured with a solid-propcltant-fueled pressurization subsystem. This approgch minimizes the,
space required for the pressurization system and affords tiu, maximumn possible spuce available tor
the liquid fuel cartridge.

The solid propellant pressurization concept and the results of the breadboard solid propellant
pressurization subsystem test program are discussed below.

3.5.1 Solid Propellant Pressurization Concept

The basic solid propellant pressurization concept is snnp!c in prmcuplc and mvolves muatching the
rate of gas generated by the burning solid propellant cartridge (Vg) to the rate of liquid fuel
consumed by the starter (Vp) at the required starter fuel supply pressure (Pr).

(Vg = Vp)pf " " (1)
The rate of gas generated by the solid propellant cartridge can be stated

Wg R Ty . @
Pf Mg o , B

-

§=

where:
Ws = Mass rate of gas generated, Ibm/sec
R = Universal gas constant, ft Ib/lb mole OF

Ts = Temperature of gas generated
P¢ = Fuel supply pressure = burning pressure, Ibf/ft2

Mg =  Molecular weight of the solid propellant exhaust products, 1bm/Ib mole
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The required burning surface arca (AB) for the solid propellant cartridge can be calculated if the
propellant burning rate (r) und the propeltant density (pg) ar. .nowis,

We
AB = 1—1 (3)

ws

For the starier application, the solid propellint pressurization cartridge would ideally exhibit a
neutral burning characteristic (constant pressure burning). Neutral burning can be obtained with
cartridge that burns on one end. The diameter of the cartridge (D) can be determined from the
burning arca (Equation 3), and the length of the cartridge (L) can be determined from the burn rate
(r) and the required starter operating time (©) as follows:

Al
) = —— 4
Dy T (4)
Q)
L= - (5)

Thus, assuming that the solid propellant cartridge is sized for one operating condition, the cartridge
sizing is straighttorward if the effective gas composition (Mg) and gas temperature (Tg) are known,

The actual sizing of the solid propellunt cartridge for the hydrazine-tueled starter application was
done per the foregoing with the design point set at the minimum allowable fuel pressure at -659F
soak conditions, Certain assumptions were made regarding the composition of the exhaust gas (Mg)
and the effective temperature of the exhaust gas (T) based on estimated heat transfer effects to the
brecch,

Extrapolating the gas generating characteristics of the solid propellant pressurization subsystem to
ambient and +1609F operating conditions is an extremely difficult task. For instance, the pressure
that the solid propellunt gas generator would develop if the throat area (A*) were constant in the
system can be expressed as

P2 _ #k(12-Tn, AB

Py A (6)
where:
7K = ‘Temperature sensilivity of burning pressure at constant Ag/A*
("1‘2 -Tt) = Change in temperature

Thus, the pressure would tend to increuse at ambient temperatures sbove the -659F design point.
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Additionally, the propellant burn rate at any temperature is a function of pressure

1
— = K", T=C (7)
r]
where:
n = Burning rate pressure exponent

and even if the solid propellant pressurization subsystem were somehow pressure regulated, the
burn rate would increase with temperature in accordance with

)

= = P(T2-TD, p=c (8)
]
where:
op = wk(l -n)=temperature sensitivity of burn rate at constant pressure

In the hydrazine starter application, AB/A* is not constant, heat transfer to the breech walls and
fuel cartridge attects the temperature and molecular composition of the pressurization gas, there is
no pressure regulator, and the unit must function over a broad temperature range.

Detailed analysis was conducted to predict the operating characteristics of the solid propellant
pressurization subsystem over the complete -65 to +1600F operating range. Based on these analyscs,
the basic or conceptual operating characteristics of the flight system will be reviewed in the
following subsection.

3.5.1.1 Solid Propellant Pressurization Subsystem Operating Characteristics

Figure 61 depicts the allowable fuel pressure limits, as a function of ambient temperature, for the
hydrazine starter.

If the pressurizing propellant has a high value of wk, then a cartridge that has been sized to satisty
the -659F fuel supply requirements will function satisiactorily from -65°F to some intermediate
temperature (point 1), operation at temperatures in excess of point 1 may result in mechanical
failure, excess fuel consumption, or some other undesirable condition,

If a pressurizing propellant is selected with a low value of ni, the starter could operate satistuctorily
between the -659F design point and the upper temperature limit (point 2).

Rocket Research Corporation conducted a propellant supplier survey to determine the availability
of propellants with low values of wmk. The results of this survey indicated that there were no
propeliants available that would satisfy the -659F to point 2 requirements shown on Figure 61,
Soveral propellant suppliers have commercially available propellant with 7k values in the nominal
0.2 to 0.3 percent/OF range.
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# . Talley, a propellant supplicr for the MXU4A/A cartridge used with the cartridge starter, provided

1 v test sample cartridges for the pressurization subsystem test program. This propellant, designated
[ H TAL 431MOD.070, has a 7k value of 0.22 percent/OF,

i -

. Rocket Rescarch Corporation has developed a technique for using the Talley propellant that
‘ '{ reduces the effect of higher than desired wk. Figure 62 depicts the approach,

Referring to Figure 62, the solid propellant cartridge is Ll‘ésigncd to the minimwin fuel pressure,
-650F operating point. This will allow satisfuctory starter operation between -659F and the
intermediate temperature of point 1. At point 1, the ratio of burn arca to effective throat area, )
AB/A¥, iy decreased by opening a bleed orifice and dumping a predetermined percentage of the gas
being generated. This allows the pressure in the breech to be reduced (point 2) to the minimum
allowable value, providing acceptable starter performance between -65°F and point 3.

- U .
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Point 3 may lic to the left of the +160°F temperature line, within certain limits, and still allow
acceptable starter performance at the +160 limit. There is excess fuel available at +1609F, and the
‘ . starter pressure relief valve, which is located just upstream of the turbine nozzle block, can be set to
‘ ‘ relieve the excess gas generated by the hydrazine-fucled gas generator, if required.

]
! 1 3.5.2 Solid Propellant Pressurization Subsystem Test Results
{ - Rocket Research Corporation procured 25 cartridges from Tulley Indusiries of Arizona to evaluate
} i the proposed solid propellant pressurization subsystem approach experimentally. The test
i Tt apparatus, test program, and test results are described below.
§ .
: 3
; : 3.5.2.1 Test Apparatus
i
i ' b A breadbourd version of the proposed solid propellant pressurization subsystem and a liquid fuel d

expulsion device were fabricated to evaluate the pressurization subsystem concept at the
component fevel, at -65, ambient, and +1600F soak conditions, The test apparatus is shown in
Figures 63 through 65.

._m__z..k‘g-.AI, e e e

Figure 63 is 4 sketch of the gas generator/fuel expulsion device. The gas genterating portion of the
subsystem includes the breech assembly, solid propellant cartridge, and ignitor. Hot gas generated

by the solid propellant cartridge is used to pressurize the piston in the aircraft type accumulator, \
: Approximately 370 in.3 of fuel is contained in the space below the piston. A liquid flow control \
y orifice is located in the discharge end of the accumulator. Fuel retention is accomplished with a
- F 1,000-psi burst disc.
L 4 : . , . . o . . . . , £
" i The solid propellant cartridge is an end burning configuration, 2.1 inches in diameter and 1.5 inches !

in length. The cartridge is inhibited on the cylindrical surface and one end. The propellant is a gum
rubber/ammonium nitrate blend designated as TAL 431MOD.076 and is identical to that used in
late model Talley MXU4A/A solid propellant cartridges for the cartridge starter application. The
supplier’s datu sheet for this propellant blend is shown in Figure 66.

The ignitor is a RRCdeveloped device utilizing two electric matches and pelletized BKNO3. :
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lalley Industries - Product Data Sheet

SOLID PROPELLANT DESIGNATION

TAL - 431 MODO.076
(Formerly 36-85-1)

Description: Gum Rubber/Ammonium Nitrate
BALLISTIC PROPERTIES:

Burning Rate Equation (809 F) vt inrinriiitiiernosoes l'[(;' = 0,076 (Pc/1000)
Arca Ratio Equation (809 F, cule) .vvvveriorivennsanseanae.  Kp= 2040 (Pe/1000)
Flame Temperature (OF, eale) @ covivieinananne
Characteristic Exhaust Velocity (C¥, f1/8€¢) .iiveivveriareenras
Temperature Sensitivity (‘o/OF)

Temp, Range -659to +160°0 F n pk = 0,22
Specific Impulse (1000 psia, Ibi-sec/lbm, cale) co oo iiiiiveniiiirivrvarsenerionsr, 190,34
Molecular Weight, Gas (cale, nvg.)@ S PP PTPIE & I [
Ratio of Specific Heals (99 Cle) viiiiiiiiiiietrenee it ioiinetsanaoseressssasssoseses 1.aHY
Heat of Reaction (Cal/Elamm) ooyt oo vt erees vt oosesonsaioassssssssrtoetsstorsnss 860
Approximate Gas Composition (Mole %) @

0.46
0.5

I 113 1

Hy 27.11 . CHy 0.04

HyO 29.177 NH3 0.03

C 15,57 Ng§ 0.17

COy 7.23

NZ 20.08

PHYSICAL PROPERTIES: Temp (°F) -65 l_ao | 160

Tensile Strength (Psi, MK L. o iiiena e e i e e . 60
Flongation ('« ac max stress) ... .. T
Hurdness (Shae "A', B0 F) Lt iitiiiireiiatiinereertssnirtonsiecines 64
Density (b7, 80V F) o oooa O Y ¢ | X
Autaignition;

> One howr at 350" ¥
BOO CLassHICUlION « ov i v vt i s oot ttarosianastnansssnarsrsossrnnes Flammauable Solid

NOTES: @ Frozen flow calevlations, chamber conditions,
' rogurn rate range lrom 0,073 to 0,079 inches ‘per second,
Pubhishied November, 1008
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Figures 64 and 65 are photographs of the breadboard solid propellant pressurization subsystem
apparatus. Figure 64 shows the individual subsystem components, and Figure 65 shows the
complete assembly,

3.5.2.2 Test Setup

The fuel expulsion device and the solid propellant gas generator were installed in a 25 ft3
environmental test chamber and instrumented shown in Figure 67.

Control requirements were limited to supplying 28-volt DC power to fire the ignitor and power to
open the solenoid valve for hot gas bleed when used.

Three pressures were monitored with strain gauge transducers:

Pe - Breech chamber pressure in the gas generator
Pu ~  Accumulator pressure on gas side of piston
PTK -  Accumulator pressure on liquid side of piston

Four temperatures were measured with chromel alumel thermocouples:

Te - Guas temperature in gas generator breech
Ty - Gas temperature in accumulator

TTK ~  Liguid temperature in accumulator

Teo —~  Environmental chamber temperature

3.5.2.3 Test Procedure
The basic test procedure for characterizing the performance of the solid propellant pressurization
subsystem was as follows:

1. install proper liquid flow control orifice in accumulator

7. Install new (1,000-psid) burst disc in liguid flow outlet of accumulator
Install ignitor in gus generator

Instali solid propellant cartridge in gas generator
Adapt gas gencrator to accumulator

Load liquid into accumulator

4.  Open vent valve

b. Evacuate through accumulator fill valve

¢ Back filt with liquid until piston *““tops out” on upper closure end of accurnulutor
d.  Shut fill and vent valves ‘

7. Attach instrumentation

8. Install proper hot gas bleed orifice in outlet of hot gas control valve

a.  Ambient and +160°F soak conditions only

116
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9. Hook up ignitor power leads

10. Souk to required operating temperature -~ hold 4 hours (minimum) after all temperatures
indicate stable readings at required temperature

11. Start recorders

12, Fire gas generator

a.  Open bleed, asfif required after Pg ignition peak.
Cc

3.5.2.4 Expulsion Test Results

Eighteen solid propellant cartridges were fired to obtain the required ignitor performance; define
gas generation rate wversus operating pressure level at. -65, ambient, and +160CF operating
conditions; and to evaluate the proposed hot gas bleed technique.

Fuel expulsion at -65°F soak conditions was simulated by substituting isopropyl alcohol for the
TSF-2 fuel mix. Fuel expulsion at ambient and +1609F soak conditions was simulated by
substituting water for the fuel blend. One test was conducted expelling TSF-2 fuel at ambient soak
conditions,

The test results are summarized in Figures 68 and 69. Figure 68 is an overlay of the nominal
starter fuel supply requirements uand the operating characteristics of the solid propellant
pressurization subsystem at -65, ambient, and +1609F souak conditions. Referring to Figure 68,
the nominal starter fuel supply requirements can be depicted by 4 window bounded by a fuel
volume rate of 10 to 11 in.3/sec and a fuel supply pressure of 1,000 to 1,100 psig. The operating
characteristics of the solid propellant pressurization subsystem are defined by plotting the rate of
gas generated as a function of breech pressure at -65, ambient, and +1609F soak conditions. ‘The
required solid propellant subsystem operation is obtained if the gas generating rate passes through
the starter requirements window at -65, ambient, and +160°F souak conditions,

Referring to Figure 68, it will be noted that the operating characteristics of’ the solid propellant
subsystem are acceptable at -659F soak conditions; i.e., the rate of gas generation at the required
starter operating pressure level falls within the boundaries of the window. Further, it will be noted
that the operating characteristics of the solid propellant pressurization subsystem are unacceptable
at ambient and +1600F soak conditions since these operating lines do not pass through the starter
requirements window. The rate of gas generalion, at these temperature conditions, exceeds the
volumetric rate of starter fuel consumption at the required tuel supply pressure.

As noted in paragraph 3.5.1, this trend of excess gas generation with increasing subsystem operating
soak temperature was anticipated and is consistent with the use of a propellant blend with a higher
value of 7k than desired.

The effective value of the rate of gas generation for the solid propellant subsystem can be reduced
(at ambient and +1600F soak conditions) to a level consistent with the starter requitements window
by bleeding off a small amount of the gas being generated. The amount of gas bleed is small, since

o
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gas bleed reduces the burning pressure which in turn reduces the rate of gas generation (Equation 7,
paragraph 3.5.1).

Figure 69 depicts the feasibility of using the solid propellant pressurization subsysteni, with bleed,
to satisty the starter fuel supply requirements. At -659F soak comditions, the pressurization
subsystem (as sized and tested in this program) operating line passes through the starter
requirements window with no bleed. At ambient soak conditions, hot g 1 through a number
68 drill orifice dumps too much gas: hot gas blced through a nwmbel l orifice dumps too
much gas; hot gas bieced through a number 79 drilled orifice comes very cle ¢ to the nominal starter
requirenients window. Likewise, hot gas bleed through a4 number 79 drnll orifice reduces the
effactive gus generating rate at +1609F soak conditions to a level that is very close to the starter
requirements window,

3.5.3 Hydrazine Starter Operation With Breadboard Solid

Propellant Subsystem Fuel Suppiy
As a final feasibility demonstration of the hydrazine-fueled starter concept, RRC has successtully
conducted three full-power starter operating cycles, at ambient soak conditions, using the
breadboasd solid propellant pressurization subsystem, with bleed, for fuel supply.

The test setup is shown schematically in Figure 70 and pictorially in Figure 71. Referring to
Figure 70, the starter was mounted on the universai test stand, and the flight concept gas generator
(cight-cup GG) was installed in the breech base. Thie breadboard solid propellant fuel supply
subsystem was adapted to the gas generator through a check valve and a normally closed solenoid
valve as shown. The breadbourd fuel expulsion device was loaded with TS'7-2 fuel, and the
solid propellant cartridge and ignitor were installed in the gas generator breech. A number 79 drill
bleed orifice was adapted to the solid propellant gas generator through a normally closed solenoid

valve,
Starter operation invelved the following:
a.  Apply 28-vdc power to the ignitor,

b. Simultaneously open the solenoid valves in the main gas generator fuel supply and hot gas
bleed lines.

NOTE: Simulates the rupture of burst discs in the flight concept design.

¢.  When the required flywheel terminal speed is achieved, open the solenoid valve that is
installed in the fuel outlet bypass of the breadboard fuel accumulator (dump excess fuel).
NOTE: The accumulator in the breadboard fuel supply subsystem ‘ias a fuel capacity of
370 in.3 which exceeds the required fuel volume of 186 in.3 by a considerable margin.

Thus the excess fuel was dumped to avoid starter overspeed for the breadboard system
test firings.

The operating characteristics of the hydrazine-fueled starter, operating in conjunction with the
treadboard solid propellant pressurization fuel supply subsystem, are shown in Figure 72.
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. SECTION 1V

j; FINAL FLIGHT CONCEPT PRELIMINARY DESIGN

b ’ \

;’ The final flight concept preliminary design version of the hydruzine starter is shown in Figures 73
i : through 78, Major components of the system include:

a.  The starter gas generator
b, Anexpendable hot gas blecd burst dise insert
¢, The liquid fuel cartridge,

used to prevent catalyst patticle migration into the 0.044-diameter injector ports,

T
e e aa e g mre 5 im

estimate).

Burst disc rupture will vent the breech cap and allow access to the expendable fuel cartridge.

125

A brief description of the mgjor system compouents follows.
1 f ,
2 : 4.1 STARTER GAS GENERATOR
: The starter gas gencrator is an assembly ol vight, sxial-flow gas generating clements arranged in
’. : parallel and manifolded o a central fuel supply fitting, Each of the cight gas generating elements

consists of an outer shell (cup) loaded with 20.5 grams ol Shell 405 spontancous catalyst (25- to
30-mesh granules). The catalyst is reteined in the cup by a slotted bedplate and a bedplate retaining
| ting. The retaining ring is welded to the outer sheld after catalyst loading. 1Fuel is introduced into the
. i catalyst bed in a radial direction through four 0.044-inch-diameter holes in an injector stub that
i penetrates approximately 0.2 inch into the upstream end of the catalyst bed. A wire mesh sereen is

With the exception of the screen, all starter gas generator components are fabricated from 300 series

‘ stainless steel Each ol the eight gas gencrating elements, the injector stubs, and the fuel manifolding
I tubes is brazed to the mounting structure with Palniro I braze material,
: :' 4.2 HOT GAS BLLED - BURST DiSC INSERT

As discussed in paragraph 3.5, there is o requivement 1o bleed exvess gas generated by the solid
propellant pressurization subsystem at ambicnt and +1 60O operating conditions. This requirement
cun be satisfied by placing a bleed orifice across the starter gas generstor mounting plate and
controlling the flow of breech gas through the bleed ovifice by means of a burst dise. The burst disc
would be designed to rupture at u predetermined pressure differential between the breech and the
turbine inlet pressures. The burst dise would be designed 1o remain intact at -659F breech pressure,
thus preventing breech gas bleed at -659F operating conditions. The burst pressure would be
selected to provide gas bleed at any operating temperature above approximately 409F (RRC

The hot gas bleed passage would not be open at -65 1o +400F operating conditions during starter
operation. However, when the fuel is consumed after ¢ normal starter operating sequence in this
temperature range, she starter gas generator outlet pressure (turbine inlet pressure) will decrease to
local ambient pressure: and the hot gas bleed burst dise will rupture due to the high pressure
differential that exists between the pressurized breech and the unpressurized breech base cavity.
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removing the spent. cartndoc, snd installing a
‘MXU4A/A sohd propcllant caru idge.

Breech cap venting will occur automatically through the open hot gas biced orifice at fuel depletion
at system operating temperatures in the +40 to +16091° range. Thus, the hot gas bleed insert is an
expendable item that 1s replaced, with the liquid fuel cartridge. after cach starter operating cycle.

4.3 LIQUID FUEL CARTRIDGE

The fuel cartridge is an assembly of the outer shell, fuel retention bladder, the liguid fuel charge,
and the solid propellant pressurization cartridge.

The outer shell is an injection-mofded polyethylene structure that provides handling protection to
the liquid fuel charge. The outer shell contains provisions for fuel bladder retention, interfacing
features for the fuel supply to the starter gas generator, and relention of the solid propellant
pressurization cartridge. The fuel cartridge will contain 7.71 pounds of TSIP-2 fuel, The fuel biend is

contained by a combination of (ho polyethylene fuel shell, an elastomeric bladder, and a fuel outlet
burst disc.

The solid propellunt pressunization cartridge is u hermetically sealed subassembly that would be
packaged in a light-gauge metal can, which in turn would “snap in” to the outer shell of the fuel
cartridge. The pressurization cartridge is an assembly of the outer can, the solid propellant grain,
ignitor, and the electrical interfacing connector tor the ignitor. The electrical power interface with

the breech cap is identical to that prm.ntly used in the stundard MXU4A/A solid propellant starter
cartridge,

“

The solid propellant grain is an cnd burning configuration 2.1 inches in diameter and 1.5 inches in
length. The grain is inhibited on the cylindrical surface and one end. The propellant is 4 gum
rubber/ammonium nitrate blend designated as TAL 43IMOD 0,076 and is identical to that
'currently used in late model MXU4A/A starter cartridges marmfactured by Talley.

‘4.4 FLIGHT LINE HANDLING REQUIREMENTS
‘The flight line handling requirements associated with the flight concept version of the
hydrazine-fueled starter, us described in this section, wnuld be very similar to the current
MXU4A/A solid propciiant cartridge handling requirements,

The main gas generator would be permanently mstailed in the starier breech base, requiring no
ﬂxght lmc maintenance.

’l‘he liduid fuel cartridge would be changed ’prior to startér operation by rémaoving the breech cap,
a ;rcmi cartridge as is presently done with the

'
o
. N
A

There would be (‘mc additional‘ task tor the flight line mechanic. The hot gas bleed burst disc insert
would have fo be removed and replaced. The removal and replacement of this device could be
climinated by further design ¢ffort which would integrate the feature into the liquid fuel cartridge

,cxwmal ¢hell struuturc
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SECTION YV
CONCLUSIONS

The feusibility of converting & jet engine cartridge starter to operate successtully and acceptably
with monopropellant hydrazine has been demonstrated. The ability to package the complete
hydreazine subsystem (conversion packagey within the space normally occupied by the standard
$bm type MXU4A/A solid-propeilant cartridge is a readily obtainable goal.

The breadboard wersion of the hydrszinestueled jet cengine starter has been successfully
demonstrated over the required  -65 to +1609F operating range. Starter performance egnal to or
excecding the current solid-propellant-fucied starter has been demonstrated. The flight concept type
(eight-cup) gas. generator has been used to conduct 35 full-power hydrazine-fueled starter operating

cycles with no detectable perfofmance dugradahon which would be indu.atm of gross catalyst bed
nfv. llmntdhons

Ttwrc‘ are M.Vi‘)ldl feaiures of the hydrazine-fueled starter coneept that can be classified as potential
xmp‘uvc,mcnts to the current solid-propellant- tuoled cartridge starter. These features include:

- Particulate free exhaust. There is no- -smoke; this would result in lmprovcd flight line
visihility during cartridge starter oporation, v

‘o Addn*tomlly, thu, lack of solid partlclés in the hy ur.unw exhaust means that there is no
y pqrmulate buildup'in the hot section oi the starter. Particulate buildup as experienced
with the MXU4 type solid cartridge reduces turbine. performance and is the diiving factor

L in tnc oorrouon of .gll components in the hot section of the starer.

b Turblnc mlet u.mpemtures gre 200 to SOOOF lower with the hydrazine-bascd fuel blend
' “as compared to the temperatures measured durmg staries operation in the curtridge mode.
Lowur turbing inlet tempmftunsa. dare céndurtive to extended turbine wheel life.

‘ '!‘hc Lombmu} effect of items 2. and b, above would have a strong influence on starter
dife. Rocket Research Corporation estimates that she time between overiaul requirements
conld be increased from: the current vidue of 30 1o 300 starts for the solid-propellant-
fueled stanter 1y a vamc-wroﬁumng 2,000 starts for the hyd m-.(ine-t‘u'cled starter.

¢. The' ’”mma!ul;t At and mxmny of the fhydrizine exhaust products are no worse than those
obtained fmm ﬂw MXU‘M/A solu! pmnclldnt m‘ndk» exh.mt

Figures 79 through 81 dmct m wndztmn pf tiw hydm:mt—tne\nd sturter after 35 :un -power
operating cycles. There is :‘m rmhu- or Qarqumsc Nuaup m; any starier u.imponer:t

1

Figures 82 through 8S are p'wtogmpha at tybxcm u:trxdge starter, ay received at the ovorhaw!

center (ALC, Kelly AFB), afier aceuiulgting an unktmwn uumber of cartridge seasts. ‘The
difference in cleanliness betwwu iaoti: starw'a iﬁ- obvi«bm

v
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HYDRAZINE-FUELED STARTER AFTER 35 FULL POWER STARTS
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HYDRAZINE-FUELED STARTER
(TURBINE EXHAUST MANIFOLD)

AFTER 35 FULL POWER STARTS
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HYDRAZINE-FUELED STARTER

(TURBINE EXHAUST MANIFOLD)
AFTER 35 FULL POWER STARTS
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CARTRIDGE STARTER AS RECEIVED FOR ALC OVERHAUL

(TURBINE EXHAUST MANIFOLD}
NUMBER OF STARTS UNKNOWN
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Figure 84
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CARTRIDGE STARTER AS RECEIVED FOR ALC OVERHAUL (BREECH BASE)

NUMBER OF STARTS UNKNOWN
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space that is normally occupied by the 8-1bm MXU4A/A
solid propellant cartridge. Additionally, little if any problems were associated with
of the gas generator that was used to power the starter, Future aircraft
warrant consideration of hydrazine and particularly
supply system for other auxiliary apparatus.

the development
starter applications may
so if the aircraft hes a central hydrazine fuel

141

s 3, GOVERNMENT F'NN{I% QFFICK: 1977 = 757-001/470




